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ABSTRACT
Diet-induced milk fat depression is a multifactorial disorder characterized by
sustained reduction in milk fat. Feeding high amounts of starch and unsaturated fatty
acids have been shown to reduce milk fat yield and concentration, and alter ruminal
biohydrogenation. In addition, starch with high rates of degradability may lead to a
decrease in ruminal pH and an increase in the outflow of ruminal biohydrogenation
intermediates. It is possible that starch sources of high degradability could still be utilized
in diets for the recovery of milk fat depression, provided the unsaturated fat level is
reduced. Replacing a portion of the starch, especially sources with a high rate of
degradability, with sugar or soluble fiber have the potential to improve biohydrogenation
and rumen fermentation.
There is a relationship between the rate of starch degradability, the level of starch
in a diet, and the influence on biohydrogenation in the rumen. The objectives of the study
presented in Chapter 2 was to compare animal performance and ruminal fermentation in
animals recovering from milk fat depression when corn with low or high starch
degradability is fed. Overall, results from this study indicates that animals receiving high
degradable starch diets during recovery from milk fat depression had greater milk trans10, cis-12 CLA than animals receiving low degradable starch diets. Rumen pH,
biohydrogenation rates were similar with both treatments. However, the animals
receiving the high degradable starch recovery diet lagged in recovery of milk fat to
normal levels. These data indicate that corn sources with rapid rates of degradability can
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be utilized in the recovery process from milk fat depression but may take longer,
provided unsaturated fatty acid levels in the diet are corrected.
Recent evidence suggests that replacing a portion of the starch, especially starch
with a high degradability, with sugar may improve biohydrogenation and production of
trans fatty acids during milk fat depression. The objective of the study in Chapter 3 was
to determine the effects of adding lactose or sucrose to high or low starch degradable
diets on biohydrogenation, digestibility, and rumen fermentation in continuous culture
fermenters with a basal level of soybean oil. The outflow of cis-9, trans-11 CLA was
reduced and total CLA outflow tended to be reduced with overall sugar addition. These
data provide evidence that when lactose or sucrose replace a portion of the starch in
continuous cultures with a high unsaturated fatty acid level the biohydrogenation rates of
C18:2 and C18:3 were similar to C for L + S. Furthermore, starch degradability also
alters the proportions of CLA produced in the culture, and increases pH.
Modifying other carbohydrate fractions, such as the soluble fiber fraction, is
another potential approach to improving conditions within the rumen with respect to low
pH, rumen biohydrogenation, and production of milk fat inhibiting isomers. There is
limited information about how starch degradability and soluble fiber interact when fed to
continuous cultures with a basal fat level. Chapter 4 presents a study that was aimed at
the utilization of soluble fiber in continuous cultures. The objectives of the study were to
determine the effects of replacing starch with beet pulp in high or low starch degradable
diets with a basal soybean oil level on biohydrogenation, digestibility, and rumen
fermentation in continuous culture fermenters. The findings in this experiment suggest
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that replacing starch with soluble fiber (SF) can modify pH and influence the outflow of
fatty acids, particularly trans-10 C18:1, presenting a possible positive effect in situations
with a high risk for milk fat depression.
The relationships between soluble carbohydrates and rumen biohydrogenation are
evident based on the previous chapters. The objectives of the study detailed in Chapter 5
were to evaluate the effects of feeding diets with or without soybean oil and the
replacement of a portion of the starch for sources of high sugar and or high soluble fiber,
on animal production and in vitro fermentation. Milk fat was reduced with all high fat
treatments but neither sugar nor soluble fiber improved milk fat production. Sugar and
soluble fiber also influenced changes in rumen VFA. The results of this study imply that
when a portion of the starch is replaced with sugar or soluble fiber, rumen fermentation
profiles and animal production is altered.

v

DEDICATION
I would like to dedicate this work to my supportive and loving husband.

vi

ACKNOWLEDGEMENTS
I owe a great deal of gratitude to my advisor, Dr. Lascano, for taking me on as a
graduate student. I have enjoyed the opportunities you have provided for me and
appreciate your support. I hope that I helped to develop the program you envisioned for
Clemson AVS with the Ruminant Nutrition Research Team. Thank you to my other
committee members, Dr. Jenkins, Dr. Duckett, and Dr. Bridges, for your advice and
expertise throughout my time at Clemson. It was an honor to work with you all and I
could not have asked for a better committee.
My family also deserves recognition for their love and support throughout. Your
guidance kept me focused through tough times. Thank you for giving me tough love
when I deserved it, and understanding when I needed it. Brandon, thank you for being
patient, loving, and encouraging during our last leg of grad school. You understood what
I was going through and it was a blessing to have you as a partner throughout the process.
To my friends back home and around the country, I am grateful for your calls, texts, and
emails to check up on me. I love all of you and could not have made it without you!

vii

TABLE OF CONTENTS

Page
TITLE PAGE ...................................................................................................................... i
ABSTRACT ...................................................................................................................... iii
DEDICATION .................................................................................................................. vi
ACKNOWLEDGEMENTS ............................................................................................. vii
LIST OF TABLES ............................................................................................................ xi
LIST OF FIGURES ........................................................................................................ xiv
CHAPTER
1.

LITERATURE REVIEW .......................................................................... 1
Introduction .......................................................................................... 1
Fat in Ruminant Diets .......................................................................... 4
Origin of Milk Fat ................................................................................ 8
Microbial Metabolism of Fats ............................................................ 11
Conjugated Linoleic Acid .................................................................. 16
Milk Fat Depression ........................................................................... 19
Acetate and Butyrate Theory .................................................. 20
Glucogenic and Insulin Theory............................................... 21
Vitamin B12 / Methylmalonate Theory ................................... 23
Trans Fatty Acid Theory......................................................... 24
Biohydrogenation Theory ....................................................... 25
Practical Implications of MFD................................................ 27
Soluble Carbohydrates and Starch Degradability .............................. 29
Neutral Detergent Soluble Fiber ............................................. 29
Sugar ....................................................................................... 31
Starch Degradability ............................................................... 35
Cellular Signaling of Fatty Acids ...................................................... 38
Amelioration of Milk Fat Depression ................................................ 42
Continuous Culture Systems .............................................................. 47
Literature Cited .................................................................................. 54

viii

Table of Contents (Continued)
Page
2.

CHANGES IN FERMENTATION AND ANIMAL PERFORMANCE
DURING RECOVERY FROM CLASSICAL DIET-INDUCED MILK
FAT DEPRESSION UTILIZING CORN WITH DIFFERING RATES
OF STARCH DEGRADABILITY
Abstract .............................................................................................. 81
Introduction ........................................................................................ 83
Materials and Methods ....................................................................... 86
Results and Discussion ...................................................................... 91
Conclusions ...................................................................................... 100
Literature Cited ................................................................................ 112
3.

STARCH DEGRADABILITY AND SUGAR IN CONTINUOUS
CULTURES FED DIETS HIGH IN UNSATURATED FATTY ACIDS
ALTERS FERMENTATION AND PRODUCTION OF TRANS
INTERMEDIATES
Abstract ............................................................................................ 120
Introduction ...................................................................................... 122
Materials and Methods ..................................................................... 125
Results and Discussion .................................................................... 131
Conclusions ...................................................................................... 145
Literature Cited ................................................................................ 155

4.

REPLACING HIGHLY DEGRADABLE STARCH WITH SOLUBLE
FIBER REDUCES THE ACCUMULATION OF TRANS-10 C18:1 IN
CONTINUOUS CULTURE FERMENTERS WITH A BASAL LEVEL
OF SOYBEAN OIL
Abstract ............................................................................................ 164
Introduction ...................................................................................... 166
Materials and Methods ..................................................................... 168
Results and Discussion .................................................................... 173
Conclusions ...................................................................................... 181
Literature Cited ................................................................................ 189

5.

SUGAR AND SOLUBLE FIBER IN COMBINATION WITH
SOYBEAN OIL ALTER FERMENTATION IN CONTINUOUS
CULTURE AND ANIMAL PRODUCTION IN VIVO
Abstract ............................................................................................ 197
Introduction ...................................................................................... 199
Materials and Methods ..................................................................... 201
Results and Discussion .................................................................... 208

ix

Table of Contents (Continued)
Page
Conclusions ...................................................................................... 217
Literature Cited ................................................................................ 226
6.

CONCLUSIONS AND IMPLICATIONS ............................................. 236

x

LIST OF TABLES

Table

Page

1.1

References that have investigated soluble carbohydrates and their effect on
milk fat composition and yield, milk yield, rumen pH, biohydrogenation,
and CLA isomer production..................................................................... 53

2.1

Ingredient and nutrient composition of induction (IND) or recovery diets (LDS
and HDS) fed to lactating Holstein cows ............................................... 101

2.2

Composition of processed and unprocessed corn sources used in the low
degradable starch (LDS) and high degradable starch (HDS) treatment diets
during the recovery phase ...................................................................... 102

2.3

Milk composition and yield during recovery from diet-induced milk fat
depression using a low degradable starch (LDS) or high degradable starch
(HDS) diet .............................................................................................. 103

2.4

Fatty acid composition of milk during recovery from diet-induced milk fat
depression using a low degradable starch (LDS) or high degradable starch
(HDS) diet .............................................................................................. 104

2.5

Fermentation parameters during recovery from diet-induced milk fat
depression using a low degradable starch (LDS) or high degradable starch
(HDS) diet .............................................................................................. 105

2.6

Protozoal populations of ruminal contents during recovery from diet-induced
milk fat depression using a low degradable starch (LDS) or high
degradable starch (HDS) diet ................................................................. 106

3.1

Diet composition and nutrient composition of continuous culture fermenters
receiving a low (LDS) or high (HDS) degradable starch diet and no added
sugar (C), lactose (L), sucrose (S), or a combination of lactose and sucrose
(L + S) .................................................................................................... 146

3.2

Fatty acid profile of basal diets fed to continuous fermenters continuous culture
fermenters receiving a low (LDS) or high (HDS) degradable starch diet
and no added sugar (C), lactose (L), sucrose (S), or a combination of
lactose and sucrose (L + S) .................................................................... 147

xi

List of Tables (Continued)
Table

Page

3.3

Digestibility coefficients of nutrients in continuous culture fermenters
receiving a low (LDS) or high (HDS) degradable starch diet and no added
sugar (C), lactose (L), sucrose (S), or a combination of lactose and sucrose
(L + S) .................................................................................................... 148

3.4

Volatile fatty acids, pH, and lactate production in culture contents of
continuous culture fermenters receiving a low (LDS) or high (HDS)
degradable starch diet and no added sugar (C), lactose (L), sucrose (S), or
a combination of lactose and sucrose (L + S) ........................................ 149

3.5

Daily outflow of major saturated and unsaturated fatty acids in continuous
culture fermenters receiving a low (LDS) or high (HDS) degradable starch
diet and no added sugar (C), lactose (L), sucrose (S), or a combination of
lactose and sucrose (L + S) .................................................................... 150

3.6

Daily outflow of major biohydrogenation intermediates in continuous culture
fermenters receiving a low (LDS) or high (HDS) degradable starch diet
and no added sugar (C), lactose (L), sucrose (S), or a combination of
lactose and sucrose (L + S) .................................................................... 151

3.7

Protozoal populations, methane production, and ammonia in continuous culture
fermenters receiving a low (LDS) or high (HDS) degradable starch diet
and no added sugar (C), lactose (L), sucrose (S), or a combination of
lactose and sucrose (L + S) .................................................................... 152

4.1

Diet and nutrient composition of diets with high (HDS) or low (LDS) starch
degradability and low (LOW), medium low (MEDLOW), medium high
(MEDHIGH) or high (HIGH) levels of soluble fiber through the addition
of beet pulp ........................................................................................ 18284

4.2

Digestibility of nutrients in continuous culture fermenters receiving a high
(HDS) or low (LDS) starch degradability (ShD) and low (LOW), medium
low (MEDLOW), medium high (MEDHIGH) or high (HIGH) levels of
soluble fiber through the addition of beet pulp ...................................... 183

4.3

Volatile fatty acids, pH, methane, and NH3-N production in culture contents of
continuous culture fermenters receiving a high (HDS) or low (LDS) starch
degradability (ShD) and low (LOW), medium low (MEDLOW), medium
high (MEDHIGH) or high (HIGH) levels of soluble fiber through the
addition of beet pulp .............................................................................. 184

xii

List of Tables (Continued)
Table

Page

4.4

Daily outflow of major saturated and unsaturated fatty acids in continuous
culture fermenters receiving a high (HDS) or low (LDS) starch
degradability (ShD) and low (LOW), medium low (MEDLOW), medium
high (MEDHIGH) or high (HIGH) levels of soluble fiber through the
addition of beet pulp. ............................................................................. 185

4.5

Daily outflow of major biohydrogenation intermediates in continuous culture
fermenters receiving a high (HDS) or low (LDS) starch degradability
(ShD) and low (LOW), medium low (MEDLOW), medium high
(MEDHIGH) or high (HIGH) levels of soluble fiber through the addition
of beet pulp ............................................................................................ 186

5.1

Diet and nutrient composition of diets with high or low fat, low (LSu) or high
sugar (HSu), and low (Low SF) or high soluble fiber (High SF) fed to
continuous culture fermenters and lactating dairy cows ........................ 218

5.2

Particle size, dry matter intake (DMI), feed efficiency, and milk production, of
cows fed diets with high or low fat, low (LSu) or high sugar (HSu), and
low (Low SF) or high soluble fiber (High SF) ...................................... 219

5.3

Digestibility of diets with high or low fat, low (LSu) or high sugar (HSu), and
low (Low SF) or high soluble fiber (High SF) fed to continuous culture
fermenters .............................................................................................. 220

5.4

Volatile fatty acids, pH, lactate, and NH3-N of continuous culture fermenters
fed diets with high or low fat, low (LSu) or high sugar (HSu), and low
(Low SF) or high soluble fiber (High SF). ............................................ 221

5.5

Protozoal populations in continuous culture fermenters fed diets with high or
low fat, low (LSu) or high sugar (HSu), and low (Low SF) or high soluble
fiber (High SF). ...................................................................................... 222

xiii

LIST OF FIGURES
Figure

Page

1.1

Coordinated activities and pathways of milk fat synthesis and secretion ....... 49

1.2

Lipid metabolism in the rumen ........................................................................ 50

1.3

Major and alternate pathways of biohydrogenation and the subsequent
production of CLA and trans 18:1 isomers ............................................. 51

1.4

Biohydrogenation of Linoleic Acid in the Rumen .......................................... 52

2.1

Experimental treatment sequence for a crossover design investigating the effect
of high (HDS) or low (LDS) starch degradability during recovery ....... 107

2.2

Induction phase responses on DMI, milk yield, milk fat yield, FA <16C, FA
>16C, and trans-10, cis-12 CLA ........................................................... 108

2.3

Effects of feeding high (HDS) or low (LDS) degradable starch diets on
recovery from diet-induced milk fat depression .................................... 109

2.4

Mean pH values during recovery from diet-induced milk fat depression in cows
fed HDS and LDS treatments ................................................................ 110

2.5

Posprandial pH values during recovery from diet-induced milk fat depression in
cows fed HDS and LDS treatments ....................................................... 111

3.1

Diurnal pH for continuous cultures fed diets with high (HDS) or low (LDS)
starch degradability ................................................................................ 153

3.2

Diurnal pH for continuous cultures fed diets with no sugar (C), sucrose (S),
lactose (L), or a combination of lactose and sucrose (L + S) ................ 154

4.1

Diurnal pH values in continuous culture fermenters post feeding for the low
(LOW), medium low (MEDLOW), medium high (MEDHIGH) or high
(HIGH) soluble fiber treatments with each point averaged over both starch
degradability levels ................................................................................ 187

4.2

Daily outflow trans-10 C18:1 in continuous culture fermenters receiving a diet
with high (HDS) or low (LDS) starch degradability (ShD) and low
(LOW), medium low (MEDLOW), medium high (MEDHIGH) or high
(HIGH) levels of soluble fiber through the addition of beet pulp.......... 188

xiv

List of Figures (Continued)
Figure

Page

5.1

Milk fat yield of cows fed diets with (High Fat) or without soybean oil (Low
Fat) ......................................................................................................... 223

5.2

Diurnal pH in continuous culture fermenters fed low (Low SF) or high (High
SF) soluble fiber ..................................................................................... 224

5.3

Milk fat composition of cows fed diets with (High Fat) or without soybean oil
(Low Fat) and low sugar (LSu), high sugar (HSu), low soluble fiber
(LSF), or high soluble fiber (HSF) ........................................................ 225

xv

CHAPTER 1: LITERATURE REVIEW
INTRODUCTION
Inclusion of lipids into lactating dairy cow diets is a challenge due to the demand
to meet the needs of the animal as well as the complexity of the rumen. Milk fat
depression (MFD) is a centuries-old metabolic syndrome characterized by sustained
drops in milk fat percentage. Milk fat is highly sensitive to changes in diet, and has been
extensively investigated in ruminants. In many species, the fatty acid composition of milk
fat reflects the fatty acid profile of the diet (Neville and Picciano, 1997). However,
ruminants are unique in that the lipids consumed, depending on physical and chemical
properties, will be transformed by bacterial metabolism in the rumen. Diet can alter the
bacterial populations and rumen fermentation, which can have major effects on the fat
content and fatty acid composition of milk.
Dietary, metabolic, and microbial changes due to milk fat depression have been
investigated thoroughly and great strides have been made in the last 20 years in
determining risk factors for the onset of the disorder. Recent work by Rico and Harvatine
(2013) characterized the time course of induction and recovery from MFD, allowing
researchers to have a greater understanding of the time required for MFD to emerge as
well as how long it will take for farmers to recover milk fat to normal levels. Elucidating
the onset of MFD and dietary modifications that can be made to recover milk fat is
paramount to better understand the multitude of factors that may contribute to the
disorder. Microbial population changes during MFD have been well documented, with
these alterations being highly sensitive to changes in ruminal synchrony of nutrients.
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Some research has focused on the utilization of sugars, neutral detergent fiber-rich
byproducts, and processed grains to increase the productivity of lactating cows (Crocker
et al., 1998; Martel et al., 2011; Naderi et al., 2016). However, some of these
investigations observed some interesting effects related to milk fat production. For
example, Martel et al. (2011) reported that biohydrogenation was enhanced and rumen
pH was increased with the inclusion of molasses in the diets of lactating dairy cows fed
high-energy diets. There is evidence that sugar may decrease proportions of
polyunsaturated fatty acids (PUFA) and trans 18:1 fatty acids in milk fat and increase
milk fat content through the modulation of ruminal pH and fatty acid biohydrogenation
pathways (Broderick et al., 2008; Penner and Oba, 2009; Mullins and Bradford, 2010).
Sources high in neutral detergent soluble fiber have also been utilized for their economic
benefits as well as their positive impacts on rumen fermentation. With the demand for
corn driving the use of byproducts, the use of feedstuffs such as soy hulls, citrus pulp,
and beet pulp have increased. Voelker and Allen (2003a & 2003b) replaced a portion of
the corn with beet pulp and observed a linear increase in milk fat. The soluble fiber in
these byproducts are a source of rapidly fermentable energy that has been reported to
yield more acetate and increase proliferation of cellulolytic microbiota, which may favor
increased biohydrogenation and reduction of trans intermediate production in MFD
scenarios (Münnich et al., 2017). Replacing a portion of the starch with sugars or beet
pulp may improve production, but the degradability of the starch fraction is an important
factor to consider as well. The structural organization of corn is likely the cause of
decreased digestibility of whole shelled corn, and attempts have been made in order to
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increase starch availability such as steam flaking. Ground high moisture corn and steam
flaked corn have been reported to increase milk yield and protein percentage (Firkins et
al., 2001). However, there has been some evidence that increased starch degradability
yields greater proportions of trans intermediates (Jenkins et al., 2003; Lascano et al.,
2016). Therefore, it is of interest to investigate ruminal and whole-animal responses to
changes in dietary sugar, starch degradability, and neutral detergent soluble fiber with
respect to preventing or ameliorating milk fat depression.

3

FAT IN RUMINANT DIETS
Fat is commonly added to rations as a means to increase the energy density of the
diet, improve palatability and reduce feed dust, and more recently, to alter the fatty acid
(FA) profile of the meat or milk end product (Azain, 2004). However, it is widely
accepted that all fats are not created equal with regards to ruminants. Grass and corn
silages contain 1-3% total FA, and grains and by-products vary in their FA content
depending on processing (Boerman and Lock, 2014). The amount of FA within plant
species is highly dependent upon maturity at harvest, season, environment, and a variety
of other factors. Silages and preserved forages make up a significant part of a dairy cow
ration and are commonly added along with commercial fat supplements. Triglycerides,
galactolipids, and phospholipids are the three predominant glycerol-based lipids in
animal feed ingredients (Jenkins and Harvatine, 2014). Galactolipids make up a major
portion of the glycolipids within forages and consist of a glycerol backbone with a bound
galactose molecule and two FA (Van Soest, 1994). Triglycerides are the major storage
lipid in oilseeds, and therefore are greater in concentration in concentrate feedstuffs.
Addition of fat to rations is common practice in order to increase dietary energy density
without the risk of feeding excessive fermentable carbohydrates (Jenkins and McGuire,
2006). However, when added to a ration in excess amounts, supplemental fat can have
negative effects on dry matter intake, milk yield, and milk components (Rico et al.,
2014d). The ideal fat is one that has no effect on rumen fermentation, has high intestinal
digestibility, is easy to handle and mix into the total mixed ration (TMR), and increases
milk and milk component yields. This is an inherent problem with unsaturated fatty acids,
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as they are highly modified by microbiota once they enter the rumen, so what goes in the
system might not be the same post-rumen. Attempts to protect unsaturated fatty acids
from microbial action have been developed by forming calcium salts, which minimize
ruminal transformation of unsaturated fatty acids and risk of a decrease in fiber
digestibility (Jenkins and Harvatine, 2014). The discovery of these calcium salts could be
considered somewhat of an accident. In an experiment conducted in the late 1970s by Dr.
Don Palmquist, it was reported that the animals experienced a bout of milk fever that
required the supplementation of calcium to alleviate the problem (Palmquist and Conrad,
1980). After analyzing the data it appeared that adding calcium to the diets improved the
utilization of fat as well as the entire ration, thus beginning the investigation into
developing calcium salts of fatty acids. These calcium salts are considered “bypass” or
“rumen inert” fats and are formed by a reaction of divalent cations of Ca with long chain
fatty acids (LCFA) to form insoluble fatty acid complexes (Jenkins and Palmquist, 1982).
Many of the commercially available Ca-salt FA supplements are derived from palm FA
distillate and contain both saturated and unsaturated FA (Rico et al., 2014c). Some other
ways of protecting fatty acids include encapsulation and hydrogenation. Natural
encapsulation of fatty acids is also a form of protection in certain feedstuffs such as
whole oilseeds, as the fatty acids are protected by the tough seed coat. However,
disruption of this seed coat by mastication or disruption in the feed mixer can lead to the
fatty acids being exposed, which increases the risk of fermentation alterations. Mohamed
et al. (1988) reported that milk fat percentage was reduced when soybean or cottonseed
oil were included in the diet, whereas whole cottonseed or whole soybeans did not reduce
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milk fat. This suggests that feeding whole oilseeds are less likely to lead to the onset of
diet-induced MFD as compared to feeding free FA as oils. Other forms of encapsulation
have been reported in the literature and include physical and chemical modifications. For
example, encapsulation by combining unsaturated FA with casein and rendering it inert
by cross-linking with formaldehyde, or encasing the unsaturated FA within a saturated
FA shell (Jenkins and Bridges, 2007).
Saturated fats are a popular choice among dairy producers and nutritionists due to
their versatility in how they can be added to rations without risk of causing MFD.
Utilization of saturated fats also reduces the risk of oxidative rancidity, which is a
concern with unsaturated fatty acids. Saturated fatty acids have been shown to positively
affect milk yield without decreasing dry matter intake and also have earlier resumption of
ovarian activity, resulting in decreased days open (Bradford and Allen, 2004). Two of the
most common saturated fatty acids in many fat products are palmitic (C16:0) and stearic
(C18:0) acid. Although these fatty acids differ only in two carbons, they have unique and
specific roles in the dairy cow. Palmitic acid is found in greater quantities in adipose
tissue, whereas stearic acid is the predominant fatty acid absorbed by the mammary gland
in the lactating dairy cow (Loften et al., 2014). Levels of C18:0 are greater at the
intestinal level than what was originally fed due to complete biohydrogenation of
unsaturated fatty acids within the feed. Feeding saturated or unsaturated FA can supply
necessary energy to the animal, but even excess saturated FA have been reported to
depress fiber digestibility (Jenkins and Palmquist, 1984; Jenkins and Maquire, 2006).
Rico et al. (2014d) investigated the effects of feeding a high-C16:0 or Ca-FA supplement
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in lactating cows and found that the supplement high in C16:0 increased DMI, milk yield,
milk fat, and energy correct milk (ECM) in comparison to the Ca-FA supplement that
was higher in unsaturated fatty acids. However, reports of increased DMI or milk yields
with feeding palmitic or stearic acid have been variable in some investigations (Schauff
and Clark, 1989; Enjalbert et al., 1997). Dietary FA profiles have a direct influence on
milk fat concentration and yield. For example, abomasal infusion of short and medium
chain saturated fatty acids increased the milk fat concentration and yield (Kadegowda et
al., 2008). Strategic feeding of saturated FA for increased milk yields and energy density
of the diet have also been under scrutiny for the impacts on milk products and consumer
acceptability. A review by Livingstone et al. (2012) suggests that consumption of dairy
products where saturated FA were replaced with polyunsaturated fatty acids (PUFA) or
monounsaturated fatty acids (MUFA) improved plasma lipid markers of cardiovascular
disease risk in humans. Polyunsaturated FA, particularly of the n-3 family, are of interest
in human nutrition due to their potential health benefits. However, the incorporation of
PUFA or MUFA into milk fat are confounded by the complexity of nutrient interactions
in the rumen as well as desaturation that occurs within the mammary gland. The synthesis
of milk fat and the origin of milk fatty acids will be discussed further in the next section.
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ORIGIN OF MILK FAT
In order to understand dysfunction of mammary lipid synthesis, it is important to
first understand the composition of milk and physiology of the mammary gland. It has
been reported that milk contains over 400 fatty acids (Jensen, 2002), of which 98% of the
lipid is in triacylglycerol (TAG) form with three fatty acids esterified onto a glycerol-3phosphate backbone (Walstra and Jenness, 1984). Fatty acids within bovine milk fat are
derived from two sources: they are synthesized de novo by the mammary gland, or are
incorporated into the milk fat globule from plasma lipids originating from the feed or
mobilization of body fat. De novo and preformed fatty acids differ significantly, with the
de novo fatty acids ranging 4:0 to 14:0 in chain length, and preformed consisting of FA
greater than 16 carbons (Figure 1.1; Bauman and Griinari, 2003). Fatty acids of 16
carbons originate from both sources, as demonstrated by Palmquist and Conrad (1971),
who fed or intravenously infused 1-14C palmitic acid into lactating cows. De novo fatty
acid synthesis has been reported to contribute approximately 45% of the total fatty acids
in milk (Moore and Christie, 1979).
De novo fatty acid synthesis in the mammary gland utilizes mainly acetate and
some β-hydroxybutyrate derived from rumen microbial fermentation (Figure 1.1). Once
in the mammary gland, acetate is activated to acetyl-CoA by acyl-CoA synthetase shortchain family (ACSS), then carboxylated to malonyl-CoA, which is catalyzed by acetylCoA carboxylase (ACC) (Palmquist, 2006). Malonyl-CoA then undergoes a chain
elongation process by addition of two CH2 groups at a time catalyzed by the enzyme
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complex, fatty acid synthase (FAS) (Smith, 1994; Fox and McSweeney, 2006). These
fatty acids are straight-chain and possess an even number of carbons. Propionate or
valerate have also been reported to be utilized for fatty acid synthesis and form oddnumbered, but straight chain FA. Isobutyrate, isovalerate, and 2-methylbutyrate can also
be utilized as primers and yield branched-chain FA such as iso- or anteiso forms (Jenkins,
1993). The process of de novo synthesis requires reducing equivalents of nicotinamide
adenine dinucleotide phosphate (NADPH), which are generated from the pentose
phosphate cycle and the oxidation of isocitrate by isocitrate dehydrogenase (Palmquist,
2006).
The TAG-rich chylomicrons and VLDL of plasma are the primary source of
preformed fatty acids taken up by the mammary gland, a process which is mediated by
lipoprotein lipase (Fox and McSweeney, 2006). Non-esterified fatty acids (NEFA) bound
to albumin that are derived from the G.I. tract or mobilization of body fat stores have also
been reported to be a source of preformed FA (West et al., 1972). The contribution of FA
in milk from mobilized fat stores accounts for less than 10% of the FA in milk, but during
periods where cows have a negative energy balance the contribution increases (Bauman
and Griinari, 2003). Fatty acids can also be desaturated within the mammary gland by
stearoyl-CoA desaturase (SCD), which plays an important role in the modulation of
unsaturation of membranes and TAG composition (Palmquist, 2006). Palmitoleoyl-CoA,
oleyl-CoA, cis-9, trans-11 CLA and trans-7, cis-9 CLA isomers have been reported to be
derived in part from SCD activity (Enoch et al., 1976; Griinari et al., 2000; Corl et al.,
2001; Corl et al., 2002).
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The TAG in milk are synthesized within the endoplasmic reticulum of the
mammary epithelial cells by a variety of enzyme complexes. Fatty acyl-CoAs from de
novo synthesis as well as preformed FA are esterified to a glycerol-3-phosphate
backbone, which is derived from glycolysis or, less frequently, by phosphorylation of
free glycerol by glycerol kinase (Kinsella, 1968). Fatty acids are not distributed randomly
on the sn-1, sn-2, and sn-3 positions on the glycerol backbone. This organization allows
for FA to illicit functional or nutritional activities. Approximately half of the FA
esterified at sn-1 and sn-2 are medium and long-chain saturated FA, and 44% of the FA
at the sn-3 position are short-chain FA or oleic acid. Fatty acids are esterified at the sn-1
position first by glycerol-3-phosphate acyl transferase (GPAT), which serves as the first
committed step in TAG biosynthesis. Lysophosphatidic acid acyltransferase (LPAAT)
catalyzed the second step with a greater preference for saturated FA (preference in order
of C16 > C14 > C12 > C10 > C8) at the sn-2 position. Diacylglycerol acyltransferase
(DGAT) esterifies both short and long chain fatty acids at the sn-3 position, and seems to
be an enzyme complex unique to TAG synthesis (Bernard et al., 2008). The composition
of milk fat can be modified by a variety of means including dietary changes, season, and
physiological state. Milk fat from cows with milk fat depression has an altered FA
composition, which will be discussed further in a later section.

10

MICROBIAL METABOLISM OF FATS
The microorganisms within the rumen are responsible for a multitude of
symbiotic functions to the animal. Unsaturated fatty acids are considered antimicrobial
agents in that they incorporate into the bacterial cell and can disrupt its activity (Maia et
al., 2007). Many of the feeds that a cow consumes consists of naturally occurring plant
lipids that the rumen microbiome must detoxify. Rumen bacteria utilize a defense
mechanism that allows them to convert PUFA to saturated fatty acids. Unsaturated fatty
acids enter the rumen and undergo two important transformations elicited by ruminal
microorganisms: hydrolysis (or lipolysis) and biohydrogenation. Hydrolysis is the
separation of FFA from ester linkages by microbial lipases (Figure 1.2), which are
extracellular enzymes packaged in membranous particles (Jenkins, 1993). The released
unsaturated fatty acids then undergo biohydrogenation, a process which requires a free
carboxyl group for its initial step (Boerman and Lock, 2014).
Biohydrogenation is a process bacteria use to add hydrogens to unsaturated fatty
acids in order to saturate them. This protective mechanism is one of the primary reasons
why the unsaturated fatty acids that enter the rumen do not equal the same amount that
leaves. The rate and extent of biohydrogenation is dependent upon rumen conditions such
as pH and microbial populations. Instances such as low pH can result in incomplete
biohydrogenation, leading to increased production of trans fatty acids (Jenkins and
Harvatine, 2014). Biohydrogenation of unsaturated fatty acids by ruminal
microorganisms pose a specific problem for unsaturated fatty acid incorporation into
tissues and milk. The process of biohydrogenation could be considered a defense
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mechanism in that it enables unsaturated fatty acid-sensitive bacteria a way to tolerate the
natural unsaturated fatty acids within plant tissues. The biohydrogenation of linoleic and
linolenic acid involves a major pathway, but there are also many intermediates that can
be produced through alternate pathways. This is one of the reasons why there are many
different isomers of conjugated linoleic acid that are derived from alternate pathways of
biohydrogenation. These alternate pathways can also contribute to CLA isomers that have
also been implicated in reduction of milk fat synthesis. Figure 1.3 illustrates the alternate
pathways that are involved in the biohydrogenation of linoleic acid.
Microbial species involved in fatty acid biohydrogenation are well documented.
Most notably, Harfoot and Hazelwood (1988) described two classes of bacteria that are
involved in biohydrogenation, group A and group B. Group A bacteria can isomerize and
hydrogenate 18 carbon fatty acids to monounsaturated fatty acids (MUFA), specifically
octadecenoic fatty acids. Group B bacteria are then able to hydrogenate and desaturate
the cis bond to stearic acid. Under normal circumstances, group A bacteria isomerize
linoleic acid primarily to cis-9, trans-11 CLA then hydrogenate to cis-9, trans-11 CLA to
trans-11 C18:1. Group B bacteria then hydrogenates trans-11 C18:1 to stearic acid, thus
fully saturating the original PUFA if allowed to go to completion. It has been observed
that apart from diets high in PUFA, high concentrate rations, particle size, and rumen
unsaturated fatty acid load (RUFAL) can all contribute to milk fat depression due to their
interactions with these groups of bacteria. Rumen unsaturated fatty acid load is a term
used to describe the total unsaturated fatty acid supply entering the reticulo-rumen each
day from feed and is calculated as the sum of oleic, linoleic, and linolenic acids. It has
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been shown in several investigations that milk fat depression is most commonly induced
to excess PUFA, thus leading to a high RUFAL. Microbial populations within the rumen
are quite sensitive to unsaturated fatty acids, and attempt to “detoxify” them by the
process of biohydrogenation. Several studies have identified specific bacterial
populations that are prevalent during conditions of milk fat depression. Lantham et al.
(1972) reported an increase in the relative abundance of Peptostreptococcus and decrease
in Butyrivibrio spp. during low-roughage induced milk fat depression. Thus, providing an
early example of microbial changes that occur during MFD. More recently, Megasphaera
elsdenii, a lactate utilizing bacterium, was reported to account for up to 4% of the 16S
rRNA gene copy number of the total microbial community in cows experiencing MFD
(Weimer et al., 2010). However, Weimer et al. (2015) failed to induce MFD by dosing M.
elsdenii that was isolated from the rumen. This result was not surprising in that the
establishment of exogenous bacterial strains in the rumen is challenging, even if the
bacteria was isolated from the donor cow. Maia et al. (2007) observed that Butyrivibrio
fibrisolvens produced primarily vaccenic acid in the presence of linoleic acid. The
stearate producing bacterium Clostridium proteoclasticum did not grow in the presence
of PUFA, indicating this population may be inhibited during MFD. Furthermore,
Boeckaert et al. (2008) noted that there was an increase in the trans C18:1 FA in the
rumen that was related to changes populations of Butyrivibrio spp. Kepler et al. (1966)
demonstrated early on that populations of Butyrivibrio fibrisolvens were able to
hydrogenate trans-10, cis-12 CLA to trans-10 C18:1, and therefore may play a major role
in MFD. Other reports have shown that Megasphaera elsdenii and Priopionibacterium
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produce trans-10, cis-12 CLA and could also have a role in the onset of MFD (Verhulst
et al., 1987; Kim et al., 2000).
Protozoa have been implicated to have an impact on biohydrogenation in the
rumen as well. However, this has been debated for quite some time. Keeney (1970)
reported that protozoa make up approximately 75% of the total microbial FA
contribution, and that they are an important source of PUFA, CLA, and trans-11 C18:1
(Harfoot and Hazlewood, 1997; Martel et al., 2011). Early observations noted an almost
complete absence of rumen protozoa during periods of MFD, and the logical assumption
was that protozoa contribute to biohydrogenation (Chalupa et al., 1967). Chalupa and
Kutches (1970) showed that holotrich protozoa, even at double the concentration
normally found within the rumen, were unable to hydrogenate linoleic-1-14C acid. Later
works revisited the protozoal role in biohydrogenation and concluded that protozoa do
not directly synthesize CLA or trans-11 C18:1, but contribute to the slow of FA
biohydrogenation by maintaining a ruminal pool of FA within their membranes that is
unavailable to biohydrogenating bacteria (Devillard and Wallace, 2006; Martel et al.,
2011). Anaerobic fungi make up a smaller part of the (estimated at 8%) total microbial
mass in the rumen, but produce a wide variety of fibrolytic enzymes that are essential for
forage fermentation (Orpin, 1984; Harfoot and Hazlewood, 1997). Therefore, it is logical
to assume that they may play a role in biohydrogenation as well. Nam and Garnsworthy
(2006) tested this hypothesis and found that ruminal fungi do hydrogenate linoleic acid,
but at a much slower rate. It was also observed that cis-9, trans-11 CLA was an
intermediate and trans-11 C18:1 was the end product, with Orpinomyces comprising the
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most active role of the fungal isolates tested. Due to fungi representing only a small
portion of the microbial biomass, it can be concluded that biohydrogenation by rumen
fungi does not substantially contribute to the overall biohydrogenation capacity of the
rumen. However, it is important to note that bacteria are not the only microbial domain in
the rumen that can hydrogenate certain FA.
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CONJUGATED LINOLEIC ACID
Conjugated linoleic acid are naturally formed FA derived from rumen
transformation of linoleic acid or desaturation in the tissues, and represent a group of
positional and geometric isomers of linoleic acid (Figure 1.3; cis-9, cis-12
octadecadienoic acid). The term “conjugated” refers to a fatty acid with two double bonds
separated by one single bond. Microorganisms in the rumen produce more than twenty
types of known CLA but only three have been consistently reported to cause MFD
(Bauman et al., 2008). The CLA milk fat inhibitors (CLAMFI) produced in the rumen
travel via the blood to the mammary gland, where they inhibit the synthesis of milk fat by
impairing the production of several enzymes essential for milk fat synthesis. Milk
contains moderate levels of CLA, and recent research has aimed to increase the CLA
content in milk due to the anti-carcinogenic properties of the cis-9, trans-11 CLA isomer.
Of the 20 different isomers of CLA, cis-9, trans-11 (rumenic acid) is considered to be the
most common and abundant form of CLA. Approximately 17 of these CLA isomers have
been identified in cattle ruminal contents (Lee and Jenkins, 2011). In a study by Lee and
Jenkins (2011), a stable isotope of linoleic acid was incubated in rumen contents for 48 h,
resulting in the formation of several CLA isomers, including trans-10, cis-12 CLA. This
study was aimed at identifying CLA isomers that are derived from the biohydrogenation
of linoleic acid.
In the normal biohydrogenation pathway, the cis-9, cis-12 double bond complex
of linoleic acid is initially isomerized at the cis-12 position to form cis-9, trans-11 CLA
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(Figure 1.4). The cis-9, trans-11 CLA is then converted to trans-11 C18:1 by the addition
of a hydrogen atom. Conjugated linoleic acid in milk and meat of ruminants can be
derived from two sources, either from ruminal biohydrogenation of linoleic acid or
synthesis from trans-11 C18:1 by the animal’s tissues. The trans-11 C18:1 CLA can then
be converted into cis-9, trans-11 CLA in the tissues by Δ9 desaturase. Delta-9 desaturase
activity is greatest in the mammary gland of lactating cows, and is a major site for
endogenous synthesis of cis-9, trans-11 CLA. When animals were abomasally infused
with sterculic acid, milk fat content was reduced in lactating cows, thus indicating a
relationship between sterculic acid and inhibition of Δ9 desaturase (Bauman and Griinari,
2003).
In the rumen, CLA is an intermediate of the biohydrogenation of linoleic acid to
stearic acid. The previously outlined scenario is the normal pathway of biohydrogenation
that these FA undergo. However, there is an alternate pathway that can produce trans-10
C18:1, and the potent milk fat inhibitor, trans-10, cis-12 CLA (Figure 1.4). The normal
pathway can shift to the alternate pathway due to a variety of factors including excess
RUFAL, high grain diets, or poor effective fiber, for example (Harvatine et al., 2009b).
The trans-10, cis-12 isomer has been identified as the most potent inhibitor of milk fat
synthesis (Baumgard et al., 2000). In a study conducted by Baumgard et al. (2000),
abomasally infused trans-10, cis-12 CLA resulted in a curvilinear reduction in milk fat
yield with increasing amounts of the isomer. Other isomers have been reported to
depress milk fat yield. Saebo et al. (2005) demonstrated that cis-10, trans-12 CLA caused
a reduction in milk fat synthesis. Trans-9, cis-11 CLA was also shown to increase in
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concentration when milk fat decreased by analysis through gas-liquid and high
performance liquid chromatography of milk samples from milk fat depressed cows
(Shingfield et al., 2005). Perfield et al. (2007) later confirmed this finding by providing a
CLA enrichment that supplied 5 g/d of trans-9, cis-11 CLA via abomasal infusion
reduced milk fat yield by 15%.
Adding plant-derived oils to an animal’s diet increases the milk fat concentration
of CLA substantially, but also may inhibit rumen microbial growth (Bauman and
Griinari, 2003). High-concentrate, low-fiber diets or increased intake of plant oils have
been shown to decrease milk fat secretion in dairy cows. Streptococcus and lactobacillus
bacteria have been shown to produce trans-10, cis-12 CLA (Maia et al., 2007). Changes
in milk fat composition were usually paired with a reduction in fatty acids derived from
Δ9 desaturase activity. Restriction of feed intake has been shown to increase milk fat
CLA from mobilized body fat stores (Nogalski et al., 2012). Moreover, omasal flow of
CLA isomers, specifically cis-9, trans-11 and trans-10, cis-12 is increased with feeding
unsaturated FA (Reveneau et al., 2012). Apparent changes in rumen biohydrogenation
due to high RUFAL diets increases the amount of bioactive FA leaving the rumen, and
subsequently enhances the likelihood of uptake by the mammary gland and potential to
decrease milk fat synthesis.
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MILK FAT DEPRESSION
Reduction in milk fat yield translate into significant economic losses on dairy
operations due to component based milk pricing dictated by most Federal Orders. Protein
and fat are two of the most valuable components in milk. The levels of these components
can be widely altered by a variety of factors including genetics, health status, and
nutrition. Nutritional changes can affect the milk fat content positively or negatively, with
high concentrate diets sometimes exerting negative effects. This may lead to low milk fat,
which is also known as milk fat depression. Milk fat depression was first recognized by
French chemist Jean Baptiste Boussingault in 1845, who observed a reduction in milk fat
when beets were fed to dairy cows (Bauman and Griinari, 2003). Boussingault attributed
this phenomena to the inherently low fat of the diet. This idea was not unrealistic in
theory since under MFD the mammary gland may not have sufficient FA supply for
lipogenesis. However, ruminants cannot directly convert glucose to FA, and acetate and
butyrate are utilized by the mammary gland for de novo synthesis and long-chain FA are
derived from the diet or adipose tissue mobilization (Van Soest, 1994). The specific
cause of low milk fat syndrome continued to elude producers for many years and
prompted many investigations into strategic feeding practices in the last century
(Jorgensen et al., 1964; Jorgensen et al., 1965; Chalupa et al., 1970). In the early part of
the 21st century MFD was observed with a variety of diets including cod liver oil
(Drummond et al., 1924), plant oils (Dann et al., 1935), and diets with high concentrates
(Balch et al., 1952). Davis and Brown (1970) divided diets that cause MFD into two
groups, with the first being diets with large amounts of readily digestible carbohydrates
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and reduced fiber, whereas the second group comprises diets that include high amounts of
PUFA. There are many diets that may fall into either category, but a common
denominator in the onset of MFD revolves around management practices, other dietary
components, or the physiological state of the animal. Therefore, the separation of diets
that cause MFD into two groups does not adequately assess the risk for MFD.
Acetate and Butyrate Theory
Many theories have been postulated to explain how milk fat depression occurs.
One theory suggests that changes in rumen fermentation result in inadequate amounts of
acetate and butyrate to support milk fat synthesis (Bauman and Griinari, 2003). It is
logical to infer that changes in rumen VFA production may be responsible for a reduction
in milk fat due to the role of acetate and butyrate in milk fat synthesis. This precursorproduct ratio theory was first introduced by Tyznik and Allen (1951) and is based on the
premise that decreased production of acetate and butyrate can in turn inhibit milk fat
synthesis due to a substrate shortage for de novo FA synthesis. Changes in VFA patterns
have been reported with MFD, but the changes are most closely associated with the
forage to concentrate ratio (F:C) or with low amounts of effective fiber. Acetate has been
shown to be markedly reduced in these scenarios, but this is mainly due to the increase in
production of propionate. Milk fat depression has been reported to occur in diets
supplemented with oils without the presence of any changes in ruminal VFA
concentrations (Davis and Brown, 1970). This theory was disproved by a number of
investigations when acetate was infused yet milk fat concentration was unchanged. Van
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Soest (1994) noted that historically the acetate deficiency theory was undoubtedly
disproved by McClymont (1950), who found that glucose or propionate infusions
produced low milk fat. However, acetate appears to alter milk fat in normal conditions
when MFD is not present. In addition, Van Soest (1994) expressed concern over the
expression of VFAs as molar proportions without the total acid concentrations as well.
He states that VFA proportions are of biological significances, but the value of the
measurement is inherently skewed by the fact that changes in VFA concentration of one
acid requires a statistical change of the opposite sign in the other acids. In addition, it was
due to this discrepancy that the “erroneous theory” that acetate deficiency causes MFD
arose. Further investigations into the exact cause of the onset of MFD continued after the
abandonment of this theory.
Glucogenic-Insulin Theory
Another theory first proposed by Mcclymont and Vallance (1962) suggested that
increased levels of propionate and enhanced hepatic rates of gluconeogenesis result in a
circulating insulin spike, and thus cause an insulin-induced shortage of precursors
available for milk fat synthesis. This theory gained traction due to the logical assumption
that milk fat depression from high-concentrate feeding was due to increased ruminal
propionate flux and subsequent stimulation of hepatic glucose synthesis. This would in
turn increase the release of insulin. However, in the ruminant mammary gland, insulin is
responsible for maintenance of normal mammary cell function and is not affected by
fluctuations in circulating meal-induced insulin spikes since it only requires relatively
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small quantities of insulin. The rate of lipogenesis and lipolysis in other ruminant tissues
are affected by insulin, and may somewhat affect the availability of nutrients available to
the mammary gland (Bauman and Griinari, 2003). Furthermore, this glucogenic-insulin
effect is thought to divert nutrients from the mammary gland due to the increase in
circulating insulin levels, which result in the increase in adipose tissue utilization of
acetate, β-hydroxybutyrate, and dietary LCFA. Therefore, there is a shortage of lipogenic
precursors such as acetate and β-hydroxybutyrate for the synthesis of milk fat (Bauman
and Griinari, 2003). The glucogenic-insulin theory has received considerable attention
which prompted many investigations into its validity. Davis and Brown (1970)
summarized a number of trials that utilized infusions of propionate to test this theory, but
reductions in milk fat yield were variable and the involvement of insulin in MFD
remained unclear. Frobish and Davis (1977) infused glucose and propionate into the
abomasum and no MFD was observed. The authors argued that the observations by
McClymont and Vallance (1962) were “under physiological” and that other feeding
studies with propionate had shown MFD. Use of a hyperinsulinemic-euglycemic clamp
has been tested in order to avoid hypoglycemia and disruptions in glucose homeostasis,
but the effects on milk fat synthesis were minimal. The hyperinsulinemic-euglycemic
clamp method works by raising and maintaining plasma insulin levels through a
continuous infusion of insulin. When insulin levels hold steady, the glucose infusion rate
equals glucose uptake by all the peripheral tissues. McGuire et al. (1995) found that milk
yield and milk fat yield remained unchanged during the insulin clamp, yielding little
support for the glucogenic-insulin theory. Bauman and Griinari (2001) reported that the
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changes in some of the insulin clamp studies were minimal, with the reduction in milk fat
yield being 5% during some of these investigations. Corl et al. (2006) observed a
decrease in milk fat percentage and yield, but determined that this was a result of the
ability of insulin to inhibit lipolysis and limit preformed fatty acids available to the
mammary gland. Furthermore, insulin plays a major role in the regulation of lipolysis
through metabolic triggers that mobilize fat stores or signal adipose to store FA and start
lipogenesis based on insulin levels. However, in regards to the glucogenic-insulin theory
it is believed that the differences in insulin clamp studies with respect to MFD were
primarily due to energy balance (Mcguire et al., 1995; Griinari et al., 1997; Mackle et al.,
1999). During early lactation, cows have a greater amount of NEFA mobilized from body
reserves. This is further supported by Corl et al. (2006), who determined that the
observed reduction in milk fat was due to the mobilization of body fat reserves due to the
experimental cows being in very early lactation. Bauman et al. (2008) reported that
during a time of negative energy balance the reduction in milk fat increases the available
energy that is repartitioned toward milk protein and milk synthesis. This critical period
results in greater mobilization of FA to meet energy demands of the mammary gland as
well as replenish body reserves, thus, the reduction in milk fat in these studies cannot be
attributed to the glucogenic-insulin theory but rather energetic balance.
Vitamin B12 / Methylmalonate Theory
Similar to the previously discussed theory, Frobish and Davis (1977) presented
the vitamin B12/methylmalonate theory of MFD. Vitamin B12 is an essential component
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of the enzyme methylmalonyl CoA mutase, which plays a major role in propionate
metabolism (Bauman and Griinari, 2001). The concept is centered on reduced production
of vitamin B12, coupled with increased propionate, would cause an accumulation of
methylmalonate within the liver that would then travel to the mammary gland and inhibit
de novo FA synthesis through downregulation of ACC and FAS. Often in cases where
high concentrate diets are fed there is an observed increase in propionate and reduction in
vitamin B12. Walker and Elliot (1972) reported that high concentrate diets could
potentially limit the amount of vitamin B12 produced in the rumen, and later studies
suggested that it could also be the cause of milk fat depression in dairy cows fed low
forage diets. However, Elliot et al. (1979) could not confirm these findings and observed
that vitamin B12 injections did not alter milk fat. This was later confirmed by Croom et al.
(1981), where vitamin B12 failed to correct the decrease in milk fat production associated
with feeding low forage diets.
Trans Fatty Acid Theory
The trans fatty acid theory involved the idea that milk fat synthesis is inhibited by
trans octadecenoic acid that is produced as a result of alterations in rumen
biohydrogenation. This theory forms the foundation of the most current biohydrogenation
theory and was first suggested by Davis and Brown (1970). Davis and Brown (1970)
observed an increase in C18:1 and postulated that this response was mostly due to transC18:1 during MFD. This theory was expanded upon by multiple studies that showed that
trans-C18:1 increased in the milk fat of a variety of diets related to MFD (Gaynor et al.,
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1994; Gaynor et al., 1995; Erdman, 1999). Trans-11 C18:1 is an intermediate in the
biohydrogenation pathway of linoleic acid (Figure 1.4) and linolenic acid. This FA is the
most predominant trans octadecenoic acid isomer present in milk fat (Bauman and
Griinari, 2003), so it was logical that an increase of this isomer during MFD would be the
cause. However, investigations by Kalscheur et al. (1997), and Selner and Shultz (1980)
demonstrated that there can be increased trans-C18:1 due to dietary modification, and
milk fat remains unchanged. Work by Griinari et al. (1998) expanded upon this finding
and reported that trans-10 C18:1 was to blame rather than all trans-C18:1 isomers.
Trans-10 C18:1 is also produced from the ruminal biohydrogenation of linoleic acid
(Figure 1.4), and is a major part of a minor pathway later proposed by Griinari and
Bauman (1999) that helped to formulate the most current and widely accepted theory.
The trans fatty acid theory was centered on the concept of trans C18:1 isomers as the
cause of MFD, but there were too many inconsistencies and the identification of specific
isomers in later work confirmed that the theory had conceptual flaws. Further
investigations into the trans FA theory indicate that trans-10 C18:1 does not directly
control milk fat production, but may respond to dietary factors (Fuentes et al., 2009).
However, the concentration of trans-10 C18:1 is negatively correlated with milk fat yield
and acts more as a proxy for milk fat depression (Bernard et al., 2008).
Biohydrogenation Theory
The discovery of an anti-mutagenic compound in fried ground beef in the 70s by
Mike Pariza, which was later identified as conjugated linoleic acid, shifted attention to
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increasing the content of CLA in dairy products due to the potential health benefits. In an
attempt to increase milk fat CLA, it was observed that infusion of a CLA supplement that
included a mixture of CLA isomers (predominately cis-9, trans-11 and trans-10, cis-12
CLA) severely reduces milk fat synthesis (Chouinard et al., 1999). These investigations
into enhancing milk CLA content gave a great deal of insight related to milk fat
depression. After the discovery that CLA isomers inhibit milk fat production,
investigations centered on determining which CLA isomer is responsible and identifying
the proposed biohydrogenation pathway. Baumgard et al. (2000) identified the potential
culprit of MFD as the trans-10, cis-12 CLA isomer. Further work by Baumgard et al.
(2001) and Peterson et al. (2002) showed that milk fat yield can be decreased by 40-50%
with as little as 10 g/d of trans-10, cis-12 CLA. In addition, Baumgard et al. (2001)
characterized changes in milk fatty acid composition and reported a marked decrease in
de novo fatty acids, a common observation seen with MFD. Griinari and Bauman (1999)
postulated the biohydrogenation theory in order to build upon the limitations of the trans
FA theory and stated that under certain dietary conditions the pathways of rumen
biohydrogenation change and produce fatty acid intermediates that can reduce milk fat
synthesis. Work by Griinari et al. (1998) confirmed that a dietary supply of PUFA and a
change in microbial processes in the rumen were essential for diet-induced MFD. In
addition, early work by Loor and Herbein (2003) demonstrated that an exogenous supply
of trans-10, cis-12 CLA decreased milk fat yield and composition, and that trans-10, cis12 CLA reduces de novo FA synthesis and desaturation in the mammary gland.
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Practical Implications of MFD
Fortunately, many producers experience few problems with MFD because their
nutritionists have developed and maintain a consistent, well formulated feeding program.
However, even with the best nutrition program MFD could still appear. Dietary ingredients
in dairy farms are constantly changing depending upon price, availability, unexpected
changes in nutrient composition, energy levels, and requirements to increase milk yield
and components. Logical changes in on-farm feeding programs can result in MFD,
decreasing milk fat several fractions of a percentage point to more than a full percentage
point in a short period of time. Dairy cows not exhibiting MFD syndrome also can express
CLAMFI, but at concentrations too low to cause MFD. It can take several weeks to months
to identify the nutritional cause and return milk fat to normal. Under the current milk
pricing system, MFD represents a major concern for dairy producers. Based on the
February 2015 milk fat price of $1.83/lb (USDA-FMMO), each 0.1% units decrease in
milk fat results in a loss of $0.15/cow/d (based on 80 lb milk/d; average US milk
production/d). A 200 cow herd that decreased from 3.6% to 3.3% milk fat would lose
$90/day or $900/day in a 2000 cow herd farm. Therefore, mitigating milk fat depression is
very important to maintain dairy farm profitability.
Milk fat depression is a multifactorial metabolic disorder, with onset being
attributed to a number of conditions including, particle size, RUFAL, and rumen pH. It
has been suggested that if pH is increased, CLAMFI will not be produced in such quantity
as with low pH conditions. Jenkins et al. (2014) observed an increase in pH coupled with
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a decrease in trans-10 18:1 and trans-10, cis-12 18:2 in continuous cultures
supplemented with potassium carbonate. Although other factors may explain these
effects, it is suggested that pH can improve rumen conditions and prevent the shift in
CLAMFI production. When pH is decreased, bacterial species whose activity is primarily
in the second reductase step are reduced, resulting in an accumulation of these
intermediates (Jenkins et al., 2014). Fuentes et al. (2009) demonstrated that when culture
pH was lowered from 6.5 to 5.5 there was an observed shift in CLA production that
resulted in an increase in MFI. However, Harvatine and Allen (2006) reported that MFD
can appear even when pH is not reduced. This observation involves other contributing
factors that can lead to the onset of MFD. Alterations of rumen microbial populations
through dietary interventions to favor less accumulation of CLAMFI have been
investigated thoroughly. Replacing starch with sugar sources has been shown to reduce
the risk for MFD without disrupting performance (Mullins and Bradford, 2010). Rico et
al. (2015a) observed that altering the fermentability of the diet through modifying dietary
NDF resulted in recovery from milk fat depression. However, it remains unclear whether
or not these conditions will continue to be favorable when dietary changes in starch
degradability or sugar inclusion, for example, are modified with a high PUFA diet.
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SOLUBLE CARBOHYDRATES AND STARCH DEGRADABILITY
Carbohydrate sources predominate in dairy cow rations compared to other
nutrients, accounting for 60-70% of the total diet (NRC, 2001). Nonstructural (NSC) and
structural carbohydrates are the two classifications of carbohydrates, with the
nonstructural fraction consisting of sugars, starches, organic acids, and fructans, and
structural carbohydrates being the fibrous components. Nonstructural carbohydrates are
highly fermentable, and oftentimes used in diets over neutral detergent fiber (NDF).
Nonfibrous carbohydrate (NFC) is a term that cannot be used in place of NSC, since
pectin is included in NFC, but not in the NSC fraction. Organic acids make up a large
difference in the NSC and NFC.
Neutral Detergent Soluble Fiber
Sources high in starch, such as corn, or silages, are common feedstuffs, and
represent a large portion of energy that can be made available to the cow. However,
starch can be quickly degraded and lead to acid accumulation and low rumen pH. Low
rumen pH contributes to subacute ruminal acidosis (SARA), and can also result in shifts
in the biohydrogenation pathway associated with milk fat depression. Therefore,
replacing starch with other fermentable carbohydrate sources is of interest. The neutral
detergent-soluble carbohydrate (NDSC) fraction is defined as a rapidly fermentable
energy source for ruminal microbial growth and energy for the cow. The NDSC fraction
includes organic acids, monosaccharides, oligosaccharides, starch, fructans, pectin, and
β-glucans, and are not recovered in the NDF fraction (Van Soest et al., 1991). Pectin and
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β-glucans are structural carbohydrates, but are soluble in neutral detergent solution, and
are therefore classified as neutral detergent-soluble fiber (NDSF). Pectin is the
predominant carbohydrate in NDSF, and possesses different fermentation and digestion
than its NDSC fraction counterparts. Fermentation of pectin generates more acetate, less
propionate, and lactic acid, with a greater rate of digestion than NDF but slower digestion
than sugar or starch (Strobel and Russell, 1986). Sources high in pectin include legume
forages, soybean hulls, beet pulp, and citrus pulp (Leiva et al., 2000; Dann et al., 2007).
In some reports, replacing corn with non-forage fibrous byproducts increased total tract
starch digestibility (Ferraretto et al., 2013). Even though NDSF is also fermented rapidly
in the rumen, it is not fermented to lactate and doesn’t continue to ferment when pH
reaches a nadir (Hall and Herejk, 2001). Additionally, the use of sources rich in pectin
have been shown to increase microbial protein synthesis, suggesting that NDSF can
provide similar sources of energy compared with starch to support ruminal microbial
growth (Ariza et al., 2001). Feedstuffs high in NDSF may help to improve animal
production and the ruminal environment when challenged with a diet high in PUFA
(Table 1). However, this has not been extensively investigated. In a recent investigation
by Santos-Silva et al. (2016) cereal grains were replaced with dried citrus pulp in high
soybean oil diets fed to ewes and found that milk fat yield was unchanged, but milk yield
was increased with citrus pulp. In a similar study conducted using lactating Holstein
cows, Santos et al. (2014) found that milk fat yield or composition showed no
improvement with the addition of citrus pulp. However, both of the aforementioned
studies aimed at investigating the effect on the milk or milk solids. Assis et al. (2004)
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observed that a total replacement of corn with citrus pulp in lactating cows will not alter
production, and Santos et al. (2001) reported an increase in milk production where citrus
pulp replaced corn up to 14% of the diet DM. In a review by Bradford and Mullins
(2012), it was noted that high-producing dairy cows may benefit from dietary inclusion of
non-forage fiber sources. Some bacterial species may have both pectin degrading, and
hydrogenating capabilities. For example, Butyrivibrio fibrisolvens has been reported to
play a major role in the conversion of linoleic acid to CLA and then hydrogenation to
trans-11 C18:1. This bacterium has starch and pectin degrading abilities, which may have
major implications for diets high in NDSF and PUFA (Solomon et al., 2000). Moreover,
Solomon et al. (2000) observed that a high pectin diet with full fat extruded soybean did
not reduce milk fat. Thus, it is of interest to evaluate the effect of replacing a portion of
starch with ingredients rich in NDSF on MFD-scenarios.
Sugars
Sugars such as sucrose and molasses have been investigated in their influences on
ruminal pH, VFA, biohydrogenation, and milk fat production (Table 1; Broderick and
Radloff, 2004; Broderick et al., 2008; Martel et al., 2011). Sugars can provide another
source of energy the rations of lactating dairy animals that provide a rapidly degraded
source of carbohydrates. There has been recent interest in using sugar to replace a portion
of the starch due to the increasing demand and price of corn and starch sources (Bradford
and Mullins, 2012). Sugars can be beneficial in that they require little enzymatic activity
to cleave the disaccharide and provide an energy source for the rumen microbes. It has
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been proposed that utilization of sugars in dairy rations could help prevent drops in pH
and promote fiber digestibility (Penner et al., 2007; Penner and Oba, 2009; Firkins,
2010). This positive influence could minimize acidosis problems and limit the risk of
milk fat depression. Martel et al. (2011) reported that addition of 5% molasses in the diet
can improve milk fat synthesis, increase ruminal pH, and increase ruminal
biohydrogenation. The increase in ruminal pH is of importance due to the effects on milk
fat inhibitors that are prevalent in periods of low ruminal pH. However, Oba (2011)
reported that a large majority of in vivo studies found no effect of sugar on pH, but that
the few studies that do report increases in pH replaced a portion of the starch with sugar.
The theory behind how addition of molasses can alter ruminal pH is suggested to be due
to the production of butyrate. Molasses increases butyrate production, thus, stimulating
blood flow and potentially increasing uptake rate of volatile fatty acids across the rumen
epithelium. Guan et al. (2008) observed that greater butyrate concentration in rumen fluid
was associated with greater feed efficiency of beef cattle. Some in vitro studies have
shown that sugar fermentation results in increased butyrate (Vallimont et al., 2004;
Ribeiro et al., 2005), but several in vivo studies were unable to replicate this finding
(Oba, 2011). Oba et al. (2015) attributed this discrepancy due to the rapid fermentation of
sugar immediately after consumption and because butyrate is absorbed faster than acetate
or propionate and therefore changes may not be able to be detected. Furthermore, sucrose
addition had greater molar proportions of butyrate and higher ruminal pH as compared to
lactose (Oba et al., 2015). The effects of feeding sugar and subsequent enhanced butyrate
absorption on gut proliferation and overall nutrient metabolism in ruminants warrant
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further investigation. However, Oba et al. (2015) also found an increase in the relative
mRNA abundance of genes responsible for the facilitation of absorption and fermentation
of ruminal VFA with dosing of sucrose or lactose. This observation sheds light on the
increases in rumen pH due to enhanced ruminal epithelial permeability of VFA, which
has been observed despite the rapid fermentation rates of sugars. The responses seen with
sucrose but not lactose are most likely due to the more rapid fermentation of sucrose.
Sucrose is a disaccharide of glucose and fructose, while lactose is composed of glucose
and galactose. The two disaccharides are similar in that each consists of one glucose
monosaccharide, but they differ only by fructose and galactose. Weisbjerg et al. (1998)
reported that sucrose hydrolyzes at a much faster rate than lactose, and Sutton (1968)
noted that fructose and glucose ferment faster than galactose. Weisbjerg et al. (1998)
found that sucrose had a hydrolysis rate of 1200-1404%/h-1 and was not increased by
addition to the basal diet, whereas lactose had a much lower rate of hydrolysis (248%/h-1)
that was increased to 540%/h-1 when added to the basal diet. Some investigations have
reported fructose increases the molar proportion of ruminal propionate, while lactose
reduced propionate (Chamberlain et al., 1993). Propionate, a glucogenic precursor, can
stimulate the release of insulin. There is some evidence that after sucrose administration,
propionate concentration is increased in the rumen and a concordant increase in plasma
insulin when compared to starch or lactose dosing (Sano et al., 1995). Furthermore,
lactose has also been shown to increase rumen butyrate concentrations in some reports,
with the increase potentially also causing some changes in ruminal epithelial tissue that
results in greater VFA absorption (Chibisa et al., 2015). This is logical in that rumen pH
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influences the rates of VFA absorption passive diffusion and protein mediated transport
(Van Soest, 1994). Chibisa et al. (2015) found that lactose supplementation led to an
increase in Cl--competitive absorption of acetate and propionate, which suggested that
carrier-mediated transport of dissociated acetate and propionate was upregulated. The
authors noted that this could have potentially increased HCO3- influx into the rumen and
explains why they did not see a drastic drop in rumen pH with lactose administration.
Many investigations have aimed at replacing a portion of the starch with sugar
and reported positive responses with pH, DMI, milk production, and milk fat yield (Oba,
2011; Chibisa et al., 2015). Supplementing sugar sources high in sucrose, such as
molasses, to lactating cows has been reported to result in increased DMI (Broderick and
Radloff, 2004; Broderick et al., 2008; Penner and Oba, 2009). However, these reports in
DMI response to sugar supplementation have been noted to vary due to the importance of
nutrient synchronization with nitrogen, forage inclusion in the diet, and forage quality
(Broderick and Radloff, 2004). Sun et al. (2015) found that replacing dietary starch with
sucrose inhibited the trans-10 biohydrogenation pathway and may account for the
positive effects seen in milk fat production in subsequent investigations. The effects of
feeding high-sugar diets on milk fat production and energy metabolism have been
consistently reported in the literature (Oba, 2011). Several studies have reported that
cows fed diets high in sugar increased (Broderick et al., 2008, Penner and Oba, 2009) or
tended to increase (Nombekela and Murphy, 1995) milk fat yield. These responses may
partly be attributed to reduced trans-fatty acid production in the rumen. Incomplete
biohydrogenation of unsaturated fatty acids is a primary cause of milk fat depression
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(Shingfield and Griinari, 2007), but Ribeiro et al. (2005) demonstrated that
biohydrogenation of unsaturated fatty acids decreased linearly with sucrose addition in
continuous culture media. In agreement with their findings, Penner and Oba (2009)
showed that feeding a high-sugar diet decreased C18:1-trans fatty acid concentration in
milk fat, and tended to increase milk fat yield. There has been a recent interest in the
addition of sugar to rations as a means to replace a proportion of the starch. This dietary
modification can potentially help control rumen pH, particularly if part of the starch is
replaced while maintaining constant NFC. In a recent study by Razzaghi et al. (2016),
sucrose was supplemented in combination with sunflower seed, and an increase in rumen
pH was observed along with a tendency for a decrease in the concentration of total trans
C18:1 FA. The interactions between fatty acids, starch, soluble fiber, and sugar need to
be investigated in order to determine how they influence rumen fermentation,
biohydrogenation, and animal production.
Starch Degradability
Starch accounts from 50 to 100 percent of the NSC in most feeds, and the rate of
ruminal digestion is paramount in determining the amount of starch that can be added to a
diet in safe quantities (NRC, 2001). Processing plays an important role in starch
degradability, with particle size reduction and heat processing being methods of altering
the feedstuff and increasing or decreasing starch availability (NRC, 2001). The
interrelationships between nutrient fractions, such as starch, may play a pivotal role in the
biohydrogenation of these unsaturated fatty acids and ultimately affect the quantity and
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type of fatty acids that escape to the duodenum. Ruminal microbes require a supply of
fermentable carbohydrates for growth and protein synthesis. Starch provides a substrate
for this microbial growth and greater ruminal degradability (Dann et al., 2015).
Increasing the degradability of starch in cereal grain sources has been investigated using
various processing methods such as dry rolling and steam flaking (Chen et al., 1994).
Differing processing methods vary in degradability and fermentability. However,
increased starch content and degradability may lead to low ruminal pH conditions, which
affects biohydrogenation, animal performance, fiber digestibility, and microbial
populations (Lechartier and Peyraud, 2010; Peyrat et al., 2016). Hatew et al. (2015)
reported differing levels of starch degradability in situ can effect methane production.
Increased starch degradability resulted in reduced enteric methane production, suggesting
that fermentation of starch favors production of propionate, creating an alternative
hydrogen sink for methanogens.
A study by Bradford and Allen (2004) characterized production responses to low
forage diets that included dry ground corn or high moisture corn. The high moisture corn
depressed milk fat content, but the authors recognized that cows producing over 45 kg/d
of milk had a higher milk fat content with the high moisture corn diet than low producing
cows. It was suggested that high producing cows have a greater capacity for
biohydrogenation of FA and decreased delivery of milk fat inhibiting isomers to the
mammary gland. This observation is interesting, but it should be noted that the degree of
processing and incorporation of the corn sources can vary, as well as production
responses. There is extensive literature on processing methods for corn and small grains
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and the subsequent effects on milk production, animal performance, and digestibility of
nutrients (Theurer et al., 1999). Ensiling of high moisture corn or steam treatment of dry
corn, for example, breaks down the hydrophobic starch-protein matrix and increases
starch digestibility (Ferraretto et al., 2013). Corn has one of the greatest starch densities
of the cereal grains commonly fed to livestock, and as grain processing becomes more
extensive the starch within is generally made more available for digestion (Theurer et al.,
1999). Gelatinization is a process that is typically involved in the application of heat and
moisture to the kernel in the amorphous region and later moving to the crystalline
regions. Grinding corn when compared to rolling corn increases the mean particle size,
thus, increasing starch digestibility and NEL by increasing the available surface area for
bacteria to adhere to as well as opportunities for enzymatic degradation (Huntington,
1997; Firkins et al. 2001). Steam flaking of corn or sorghum was reported to increase
total milk yield and protein percentage, but decrease milk fat percentage (Theurer et al.,
1999). Utilization of feedstuffs such as steam flaked or high moisture corn can help to
improve flexibility and efficiency of dairy production, but should be carefully evaluated
to ensure minimization of acidosis, depressed fiber digestibility, and potential reductions
in milk fat production.
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CELLULAR SIGNALING OF FATTY ACIDS
The theory that CLA isomers were responsible for reductions in milk fat was first
introduced by Bauman (Bauman et al., 2008). Conjugated linoleic acid was first
recognized for its anti-carcinogenic properties by Pariza in the late 70s and early 80s in
fried hamburger (Pariza et al., 1979; Pariza et al., 1983; Pariza and Hargraves, 1985).
However, the isomer associated with these effects, cis-9, trans-11, is one of many of
bioactive isomers. Bioactivity refers to effects on downstream target genes in the
mammary gland, and alterations in the microbial communities within the rumen. The
isomer trans-10, cis-12, has been associated with milk fat depression, and it’s believed
that it suppresses genes responsible for milk fat production in the mammary gland, such
as stearoyl-CoA desaturase 1 (SCD1), fatty acid synthase (FASN), acetyl-CoA
carboxylase (ACACA), and glycerol-3-phosphate acyltransferase 6 (AGPT6) (Harvatine
et al., 2009b, Hussein et al., 2013). This trans-10, cis-12 CLA isomer was first
recognized as a potent inhibitor of milk fat production by Baumgard et al. (2000). It has
been reported that this isomer decreases body fat in chickens, rabbits, and pigs, but has
not altered body fat stores in ruminants, suggesting that it has a greater capacity for
targeted cellular control than previously thought (Szymczyk et al., 2001; Corino et al.,
2002; Brandebourg and Hu, 2005; Hausman et al., 2009). Although the mechanism by
which CLA affects body fat is unknown, it is suggested that it causes a negative energy
balance by reducing energy intake, and increasing energy excretion through heat loss
(Hausman et al., 2009). This may be similar to what happens at the mammary level.
Studies in mice, pigs, and sheep where trans-10, cis-12 CLA was supplemented showed a
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coordinated decrease in milk fat content (Loor et al., 2003; Bontempo et al., 2004; Lock
et al., 2006).
Nutrigenomics applies high-throughput genomic methods in nutrition research,
and has become an integral part of understanding the interactions between nutrients and
tissue metabolism. Small changes in gene expression are able to be measured by using
techniques such as real-time PCR and microarray, with the latter being of great
importance in studying the transcriptome (Muller and Kersten, 2003). Recent advances in
nutrigenomics have allowed researchers to characterize nutrient-tissue interactions, and
quite possibly begin to explain the underlying mechanism of MFD (Ahnadi et al., 2002;
Harvatine et al., 2009b). The trans-10, cis-12 CLA isomer has been reported as the most
potent inhibitor of milk fat synthesis, but trans-9, cis-11 CLA and cis-10, trans-12 CLA
isomers have also exhibited inhibitory effects on milk fat synthesis (Saebo et al., 2005;
Perfield et al., 2007). Since fat is the only milk component affected by trans-10, cis-12, it
appears that effects on the biochemical pathways involved in lipid synthesis in the
mammary gland are highly specific (Bauman et al., 2008).
Transcription factors play an intricate role in whether a particular gene is active,
and interest in determining the “master regulators” involved in MFD have been
investigated recently. Sterol regulatory element binding protein-1 (SREBP1; Figure 1.4)
is highly active in mammary tissue. Although changes in gene networks associated with
milk fat depression are not thoroughly understood, the activation of SREBP1 has been
well described. In short, SREBP is associated with a chaperone protein known as SCAP
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and forms a SREBP/SCAP complex within the ER, when inactive. Activation is
accomplished through the dissociation of insulin-induced gene 1 or 2 (INSIG), which
allows translocation to the Golgi. Once in the Golgi apparatus SREBP1 is proteolytically
cleaved to form the active transcription fragment, nuclear SREBP1 (nSREBP1). This
nSREBP1 transcription fragment is translocated to the nucleus where it can bind to
sterol-regulatory elements and eventually stimulate transcription of genes that are
involved in the regulation of lipogenesis (Harvatine et al., 2009). Despite SCAP having
integral parts in lipid regulation, some investigations have reported only small differences
in SCAP expression or abundance with CLA induced MFD (Harvatine and Bauman,
2006; Vyas et al., 2013). However, INSIG1 was reported to be reduced with trans-10,
cis-12 CLA treatment by Vyes et al. (2013) and Harvatine and Bauman (2006), and has
been implicated in the amount of de novo and preformed FA in the mammary gland
(Bionaz and Loor, 2008). The apparent sensitivity of INSIG1 and lack of an effect on
SCAP indicate that the alterations in lipogenesis may be regulated by downstream gene
networks associated with SREBP1. Work by Peterson et al. (2004) reported a decreased
abundance of SREBP1 during trans-10, cis-12 CLA inhibition of FA synthesis in MACT mammary epithelial cell cultures. Further, Harvatine and Bauman (2006) observed a
decrease in expression of SREBP1 in mammary tissue from cows experiencing MFD.
The evidence of decreased expression of SREBP1, SREBP1 activation proteins, and
SREBP1-regulated genes for key enzymes involved in lipid synthesis provides a strong
case for SREBP1’s role as a central signaling pathway in the regulation of FA synthesis
in bovine mammary epithelial cells. Furthermore, milk fat production is energetically
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expensive, so it is logical to infer that there may be an energy sparing effect during MFD.
Harvatine et al. (2009a) delivered 7.5 g/d of trans-10, cis-12 CLA over the course of 4 d
and observed a substantial decrease in milk fat yield and content, despite milk yield and
other components being unaffected. One of the key findings in this study is that during
MFD, adipose tissue expression of adipogenesis enzymes including lipoprotein lipase,
FASN, SCD, and FABP4 were all increased. In addition, key regulators of lipid
synthesis, SREBP1, thyroid hormone spot 14 (S14), and PPARγ were also increased in
adipose tissue. These findings suggest that during milk fat depression there is an energy
sparing effect from the reduction in milk fat synthesis and thus shuttled toward adipose
tissue fat stores during MFD.
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AMELIORATION OF MILK FAT DEPRESSION
Milk fat is one of the most energetically expensive and variable components in
milk that is directly altered by nutrition and physiological state (Baumgard, 2002). Some
nutritional factors that can affect milk fat production include the amount of fiber in the
ration, use of ionophores, feeding frequency or pattern, and type of fatty acids in the feed.
These factors, combined with other non-nutritional factors such as genetics, stage of
lactation, or parity, influence how much milk fat will be produced by the mammary
gland. Three theories involved in MFD are the dietary fat deficiency, acetate deficiency,
and the glucogenic-insulin theory. However, overall studies provide very little evidence
for these theories involving a shortage of precursors for milk fat synthesis as the
mechanism of diet-induced MFD. Further, MFD has been shown to occur when acetate is
unchanged, thus, disproving the acetate deficiency theory (Davis and Brown, 1970).
Milk fat depression occurs concordantly with alterations in rumen fermentation as
well as the dietary inclusion of PUFA. There are several approaches in order to modify
these interactions including diet fermentability, total RUFAL, effective fiber, or the use
of rumen modifiers, for example. An example of early work on dietary modification to
ameliorate MFD is that of Chalupa et al. (1970). The authors tested if the small amounts
of forages in the form of corn silage or baled hay can correct milk fat depression when
pellets are provided as the sole source of forage. Not surprisingly, animals receiving
pellets continued to have depressed milk fat, but those receiving supplemental forages
experienced an increase in milk fat and an increase in de novo FA of milk. The particle
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size of the diet was thought to be a primary cause for MFD at one point in time, however,
we know now that it is more of a factor that contributes to the onset. In addition, work by
O’Dell et al. (1968) concluded that grind size plays an important role in MFD, and that a
grind size of 0.64 cm induces MFD. Grant et al. (1990a & 1990b) looked at feeding
TMR’s with different grind sizes of alfalfa hay or silage and observed a decrease in milk
fat for the animals receiving the finely ground treatments. The reasoning behind why
milk fat dropped was associated with increased passage rate and decreased digestibility,
as well as alterations in VFA (O’dell et al., 1964). O’Dell et al. (1964) reported that
increasing feeding frequency to 4 x daily will prevent milk fat depression, but will not
recover cows that are already experiencing milk fat depression. Another attempt at
recovery was made by Emery and Brown (1961), who investigated the addition of
sodium and potassium bicarbonate addition to cows receiving high-grain rations and
found that rumen pH was increased and the bicarbonates prevented a decline in milk fat.
Such early works paved the way for common practices that are in place on many dairy
farms today and are examples of good management practices overall for a milking herd.
After the discovery of the trans-10, cis-12 isomer and confirmation of the
biohydrogenation theory, many works focused on identifying other isomers that may
reduce milk fat or investigating the mechanism rather than trying to identify other dietary
modifications that can be made to ameliorate MFD (Perfield et al., 2004; Perfield et al.,
2006; Perfield et al., 2007). Recent work by the Harvatine lab at Pennsylvania State
University helped to identify the time course of induction and recovery from MFD, and if
certain dietary modifications can fix it. Rico and Harvatine (2013) were the first to
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investigate the time course of induction and recovery and found that MFD was induced
by 3-5 d, and recovery achieved at 15-19 d. Further work by Rico and others aimed at
investigating recovery from milk fat depression by utilizing a variety of techniques (Rico
et al., 2014b; Rico et al., 2015a). In a study by Rico et al. (2015a) MFD occurs within 710 days following a dietary change and 10-14 days is expected to recover milk fat to
normal levels after dietary corrections. Methods utilized during recovery phases included
modifying diet fermentability by increasing NDF, thus decreasing PUFA concentration.
In addition, the authors investigated the changes in ruminal microbial populations during
the induction and recovery from MFD and observed that fungi and ciliate protozoa
decreased by more than 90% during the induction phase and increased during the
recovery phase. Although protozoa do not contribute directly to the biohydrogenation of
linoleic acid, they play a major role in starch sequestration and may alter the rumen
environment by engulfing large amounts of fermentable starch (Rico et al., 2015b).
Megasphera elsdenii was increased during induction in the latter study, and has been
associated with the production of trans-10, cis-12 CLA (Maia et al., 2007; Rico et al.,
2015b). Populations of Butyrivibrio have been associated with fatty acid
biohydrogenation, and can be inhibited by large amounts of PUFA in the diet (Maia et al.,
2007). Because rumen microbial populations have been reported to change during MFD,
there was also some early work that addressed this with respect to MFD. Satter and
Bringe (1969) switched cows from a high or low forage diet and tested the effect of diet
with or without an exchange of rumen contents from cows fed the same diet. They
observed that both induction of and recovery from MFD were not only aided by dietary
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manipulation, but also rumen inoculation from the donor cow. This paved the way for
further work by Rico et al. (2014b), who utilized a similar approach and found that milk
fat yield was not altered, but that de novo FA in the milk and rumen FA biohydrogenation
was accelerated with inoculation.
Ionophores are commonly fed in dairy cattle diets due to their ability to shift the
rumen microbial population to favor more gram-positive bacteria and are important when
discussing MFD. Positive effects associated with ionophores include a shift in the
acetate:propionate ratio towards more propionate, increased milk production, and reduced
risk of acidosis by inhibition of lactic acid production (Odongo et al., 2007). Current
commercially available ionophores include monensin (Rumensin®), lasalocid
(Bovatec®), and laidlomycin propionate (Cattlyst®). Their mode of action involves the
disruption of ion transfer of Ca2+, Na+, H+, and K+, and may interfere MFD amelioration.
However, ionophores may inhibit linoleic acid biohydrogenation by altering the
microbial populations responsible for a majority of lipid modification (Rico et al.,
2014a). Several reports have characterized the effects of ionophores, such as monensin,
on milk fat yield and concentration (Phipps et al., 2000; Odongo et al., 2007). There has
been some evidence that monensin reduces milk fat yield (Phipps et al., 2000) and others
that observed no change (He et al., 2012). It is evident that the effects of monensin on
biohydrogenation and milk fat production are dependent on the nature of the diet. Rico et
al. (2014a) investigated if monensin has an effect on recovery from milk fat depression
and found that monensin altered biohydrogenation and milk fat production minimally, but
preformed FA in the milk were reduced with monensin. The variable responses with the
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use of ionophores in diets with high PUFA content suggest that it may be advantageous
to exclude them when investigating milk fat depression and recovery.
Despite the often negative connotation of MFD on farm profits, there are
instances where controlled MFD may be advantageous. For example, Baumgard (2002)
noted that milk fat is the most energetically expensive milk component to synthesize and
could improve cow health in periods of heat stress or during early lactation. A better
understanding of the ruminal transformation and tissue metabolism of fatty acids that
potentially alter lipid production provides opportunity to control milk fat at energetically
costly periods or physiological stress.
Since MFD is a multifactorial disorder, it is of great importance that we gain a
deeper understanding of the nutritional effects on the metabolism of these bioactive fatty
acids within the rumen. In some instances, utilization of different nutritional strategies,
such as altering the soluble carbohydrate fractions or starch degradability, may help to
improve ruminal fermentation and biohydrogenation of linoleic acid. Interactions
between nutrient synchronization in the rumen with the use of sugars or neutral detergent
soluble fiber with high oil diets are of interest to investigate if MFD can be improved
with the addition or subtraction of certain nutrients. Thus, this dissertation is focused on
investigating nutrient-lipid interactions and their downstream effects on rumen
fermentation, biohydrogenation, and ultimately animal production and efficiency.
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CONTINOUS CULTURE SYSTEMS
Continuous culture systems have been utilized for many years and improved upon
to address major limitations. Some of the major reasons why the improvement upon these
systems has been of interest to ruminant nutritionists is that continuous culture systems
are relatively inexpensive to operate and provide a cheaper alternative to test preliminary
hypotheses when compared to running an in vivo trial. However, some discrepancies still
exist between the accuracy of continuous culture systems and in vivo trials. Prior to the
adoption of continuous culture systems, batch culture was utilized, but a major pitfall of
the batch culture system is they are unable to remove fermentation end products as well
as be operated in a stable condition for long periods of time.
Compared to in vivo trials, continuous culture systems are often unable to
maintain protozoal populations, although some designs have been modified to improve
this (Teather and Sauer, 1988). There have also been reports of continuous cultures
having major differences in dilution and passage rates, feed input, and lack of absorption
(Hristov et al., 2012). Mansfield et al. (1995) investigated the fermentation and microbial
ecology of in vivo and in vitro systems and found that concentrations of bacteria were
greater, cellulolytic bacteria were also greater, and protozoal populations were greater in
vivo when compared to in vitro. Warner (1956) was able to maintain a microbial
population in vitro for 4 d via the use of a dialysis sac with a buffered solution. However,
the microbial population declined rather rapidly due to the accumulation of fermentation
end products. Davey et al. (1960) observed consistent bacterial numbers in vitro that
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compared to a 2 week animal experiment comparison. Furthermore, Slyter et al. (1964)
reported similar fermentation shifts in vivo and in vitro and found that protozoal
concentrations decreased from 105 per ml to a level of 2 x 103 per ml after 4 d. In a metaanalysis by Hristov et al. (2012) it was found that continuous culture systems typically
have lower total VFA and acetate concentration, low or no protozoal populations, and
lower OM and NDF digestibility. However, despite these differences continuous culture
systems provide an advantage for the quick and safe assessment of experimental
treatments. In addition, the utilization of continuous culture systems for studies requiring
the analysis of fatty acids in the culture and the effluent provide a great advantage over in
vivo systems. Rumen digesta samples are typically simple to obtain and provide a picture
of FA metabolism within the rumen. However, FA profiles of rumen fluid may not
provide adequate information as to what is available for absorption post-ruminally.
Omasal sampling allows researchers to evaluate FA concentration flowing out of the
rumen, and thus, available to the animal (Shingfield et al, 2012). However, this process
can be difficult and labor intensive. Continuous culture systems possess a reaction vessel
that acts as the rumen, and the overflow port where the effluent is removed would be
comparative to the omasum in a cow. Sampling of overflow and analyzing for FA
composition provide a more accurate representation of what is escaping the rumen and
potential milk fat inhibiting isomers that would be available at the intestinal level in the
animal.
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Figure 1.1. Coordinated activities and pathways of milk fat synthesis and secretion.
Lipoprotein lipase (LPL); stearoyl-CoA desaturase (SCD); fatty acid transport proteins
(FATP); glucose transporters (GLUT); glycerol phosphate acyltransferase (GPAT);
diacylglycerol acyltransferase (DGAT); lipin (LPIN); fatty acid binding proteins (FABP);
acetyl-CoA carboxylase (ACC); fatty acid synthase (FASN); mucin 1 (MUC1);
butyrophilin (BTN1A1); xanthine oxidoreductase (XO); adiphophilin (ADPH); FA =
fatty acid; UFA = unsaturated fatty acid; SFA = saturated fatty acid; VLDL = very lowdensity lipoprotein; TAG = triacylglycerol and BHBA = B-hydroxybutyrate. Red
asterisks indicate SREBP regulated genes (Bionaz and Loor, 2008). Adapted from
Harvatine et al. (2009b).

49

Figure 1.2. Lipid metabolism in the rumen. Adapted from Davis (1990). TG =
Triglyceride, FA = Fatty Acid, SI = Small Intestine.
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Figure 1.3. Major and alternate pathways of biohydrogenation and the subsequent
production of CLA and trans 18:1 isomers. Adapted from Shingfield et al. (2010).
Dashed lines indicate minor pathways and solid lines highlight the major
biohydrogenation pathway.

51

Figure 1.4. Biohydrogenation of Linoleic Acid in the Rumen. Bauman and Griinari
(2003).
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Table 1. References that have investigated soluble carbohydrates and their effect on milk
fat composition and yield, milk yield, rumen pH, biohydrogenation, CLA isomer
production. Kd = starch degradability.1
Soluble Carbohydrate
Item

Soluble Fiber

Sugars

Starch Kd

Milk Fat Yield

+bde, -f

+gk

No effectlmn

Milk Fat %

+bde, -f

+gk

No effectln, -ms

Milk Yield

No effectbc

No effectg, -k

+m

+r

+jk

-lo

+aq, -p

No effectg, +hk, -i

-l, +o

Biohydrogenation
pH
1

a = Strobel and Russell (1986); b = Mansfield et al. (1994); c = Voelker and Allen (2003a);
d = Van Knegsel et al. (2014); e = Shahmoradi et al. (2015); f = Boguhn et al. (2010); g =
Broderick et al. (2008); h = Heldt et al. (1999); i = Kellog (1969); j = Ribiero et al. (2005);
k = Martel et al. (2011); l = Harvatine et al. (2000); m = Theurer et al. (1999); n = Dann et
al. (1999); o = Lascano et al. (2016); p = Naderi et al. (2016); q = Leiva et al. (2000); r =
Santos-Silva et al. (2016); s = Bradford and Allen (2004).
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CHAPTER 2: CHANGES IN FERMENTATION AND ANIMAL
PERFORMANCE DURING RECOVERY FROM CLASSICAL DIET-INDUCED
MILK FAT DEPRESSION UTILIZING CORN WITH DIFFERING RATES OF
STARCH DEGRADABILITY

ABSTRACT
Diet-induced milk fat depression (MFD) is a multifactorial disorder whose onset
can be triggered by a variety of conditions. Feeding high amounts of starch and
unsaturated fatty acids have been shown to reduce milk fat yield and concentration, and
alter ruminal biohydrogenation. However, little is known about how starch degradability
(Kd) in the rumen influences recovery from diet-induced MFD. The objective of this
study is to compare animal performance and ruminal fermentation in animals recovering
from MFD when diets with low or high Kd are fed. Six ruminally fistulated Holstein cows
were utilized in a crossover design with two periods. During each period MFD was
induced for 10 d by feeding a low fiber, high starch, and high unsaturated fatty acid diet.
Following induction, cows were switched to either a high degradable starch recovery diet
(HDS), or a low degradable starch recovery diet (LDS) for 18 d. The starch Kd for LDS
was 66.5% and 87.8% 7 h for HDS. Milk was collected every 3 d for component and
fatty acid analysis. On d 0, 4, 7, 10, 16, 22, and 28 of each period ruminal pH and rumen
fluid were collected every 2 h. Milk fat yield and composition was reduced during MFD
induction, and progressively increased by day in both HDS and LDS. Dry matter intake
was similar among treatments but increased steadily over time during recovery.
Preformed and de novo FA in milk fat were altered by starch degradability. Isobutyrate,
butyrate, and isovalerate differed with recovery treatment, but no difference in ruminal
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pH or ammonia was detected. The HDS diet responded similarly to the LDS diet during
recovery. However, the degradability of the starch within rations should be evaluated
when considering approaches to ameliorate diet-induced MFD.
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INTRODUCTION
Diet-induced milk fat depression (MFD) is a multifactorial disorder that continues to
be a problem within the dairy industry due to multiple component pricing systems
(Bailey et al., 2005). Recently, nutritional strategies with specific aims to restore milk fat
yield have been investigated (Rico et al. 2015b), but it is clear that MFD can precipitate
from a variety of conditions including a high rumen unsaturated fatty acid load (RUFAL),
starch level, low dietary fiber and subsequently low rumen pH. Accumulation of specific
trans intermediates through rumen biohydrogenation (BH) of unsaturated fatty acids by
rumen microbes has been linked to MFD (Baumgard et al. 2000; Piperova et al. 2000;
Kairenius et al. 2015). Work by Baumgard et al. (2000) first characterized a connection
between the trans-10, cis-12 CLA isomer by using post-ruminal infusions of pure CLA
isomers and demonstrated that trans-10, cis-12 CLA decreased milk fat synthesis.
Increased trans-isomer accumulation has been associated with microbial shifts within
the rumen, most often caused by dietary modification (Rico et al. 2015a; Lascano et al.
2016). In a study by Rico et al. (2015a) where cows were fed a high unsaturated fatty
acid diet, rapid rumen microbial shifts were observed coupled with an increase in trans10, cis-12 CLA accumulation. Additionally, Maia et al. (2010) reported that the lag phase
of Butyvibrio fibrisolvens, a microbe that plays a major role in BH, was increased when
exposed to either linoleic acid (cis-9, cis-12-18:2) or α-linolenic acid (cis-9, cis-12, cis15-18:3) and growth was only observed when the PUFA was converted to vaccenic acid
(trans-11-18:1). This further demonstrates that rumen microorganisms are sensitive to
unsaturated fatty acids within the diet. Reductions in pH have been associated with a shift
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in the BH pathway of linoleic acid to stearic acid, although not always necessary
(Lascano et al. 2016) to increase trans-10, cis-12 CLA accumulation. However, Fuentes
et al. (2009) showed an increase in trans-10, cis-12 CLA as pH decreased from 6.5 to 5.5
using continuous culture fermenters. Cereal grain inclusion in rations are a cost-effective
source of energy for high producing dairy cows. However, fermentable carbohydrates, if
not balanced correctly can illicit low rumen pH conditions or even lead to the onset of
sub-acute and acute ruminal acidosis (Danscher et al. 2015). Combinations of high
RUFAL and starch have been shown to reduce milk fat to a greater extent than just by
one component alone, adding to the multifactorial nature of MFD. The amount of starch
can have an effect on rumen pH, but also the degradability of starch may play a role in
BH. Starch degradability (Kd) varies greatly by grain type, vitreousness, and processing,
and can possibly alter the kinetics of microbial interactions with starch and fat in the
rumen (Allen et al. 2008). Interestingly, Lascano et al. (2016) observed higher pH in
rumen continuous culture fermenters fed a processed corn source with a high Kd (48, 66,
and 84% 7h Kd), reporting greater trans-10 18:1 and trans-10, cis-12 CLA. This was a
notable observation that supports the idea that the production of these isomers are not
contingent upon a low pH. In addition, if dietary starch level and PUFA were lowered to
recover cows from MFD, but starch Kd was not assessed, there still may be a lag in the
time it takes milk fat production to return to normal.
Diet-induced MFD has been studied at length (Harvatine et al., 2009), but little
research has been conducted on how to recover cows from MFD by utilizing diets with
varying starch degradabilities. Rico et al. (2013) reported the time course of induction of
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MFD and recovery, with induction being achieved at 9 d and total recovery from MFD at
19 d. Recovery was achieved by reducing dietary starch PUFA concentration, and
increasing dietary fiber and in a subsequent study diet fermentability was investigated by
modifying dietary NDF, with similar results reported (Rico et al., 2013; Rico et al.,
2015b). However, since starch level and starch Kd may play a role in the onset of dietinduced MFD, it is of interest to investigate if cows receiving lower starch levels but high
starch Kd will recover similarly to cows fed a low starch Kd diet. The objective of this
study was to determine if feeding corn sources with differing starch degradabilities
during recovery from diet-induced MFD has an effect on animal performance, production
and ruminal fermentation.
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MATERIALS AND METHODS
Animals and Experimental Design
Six multiparous rumen fistulated lactating Holstein cows (184.33 ± 29.6 DIM;
613.73 ± 8.53 kg/BW0.75) were utilized in a crossover design following a model used
successfully to study MFD induction and recovery (Rico and Harvatine, 2013). All
procedures were approved by the Clemson Institutional Animal Care and Use Committee.
The experiment was divided into two periods each consisting of a 10 d induction phase
and 18 d recovery phase (Figure 1; 28 d total length of period). All animals were fed the
herd diet for 10 d prior to the start of the study that was used as a covariate period, then
switched to a high-PUFA, low fiber, high starch induction diet [IND; Table 1] for 10 d in
an attempt to induce milk fat depression. After induction, three cows were either assigned
to a low degradable starch diet [LDS; Table 1] or a high degradable starch diet [HDS;
Table 1] for 18 d in order to recover the animals from MFD (Table 2). Cows were
assigned randomly to the recovery treatments and switched to the next treatment for the
subsequent recovery phase in a crossover pattern. The primary starch source for the LDS
treatment was ground corn, and the HDS treatment replaced half of the starch source with
a processed corn product (Matrix Nutrition LLC, Phoenix, Arizona). This combination
was chosen based on the results observed in a previous experiment using different starch
Kd (Lascano et al., 2016). The supplier of the processed corn indicated that the product
underwent proprietary heat and pressure treatments to alter the prolamine protein
structure, which eliminated the crystalline and hydrophobic properties of the vitreous
unprocessed corn.
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In between the first and second periods all cows were fed the LDS diet as a 10 d
washout period, which resulted in 18 d between the induction and recovery phases. This
has been reported to minimize possible carry over effects (Rico et al., 2015). The
experiment was conducted without the use of rBST or Monensin. Diets were mixed daily
at 0700 and animals fed at 110% of daily requirements at 0800 and 1500 in individual
bunks with separators. All animals were weighed weekly in the morning after milking
and prior to feeding. Dietary DM concentration was determined weekly for diet
adjustment as well as DMI determination (72 h at 55°C in an air-forced oven). Orts were
weighed daily and feed was adjusted weekly based on refusals. Samples of individual
ingredients were sampled weekly and DM determined daily to adjust for moisture content
of corn silage.
Milk and Rumen Sampling
Cows were milked daily at 0600 and 1700 and housed in an individual tie-stall
barn. Milk samples were taken every 3 d during both morning and evening milking, AM
and PM samples were pooled into one daily sample proportionally based on cow milk
yield for that day. Approximately 30 mL of the pooled sample was added to a tube
containing bromopol tablets then shipped to United DHIA (Radford, VA) to be analyzed
for milk components (fat, protein, lactose, MUN). A 50 mL subsample was collected in a
centrifuge tube and frozen for later LCFA analysis. On days 0, 4, 7, and 10 of the
induction phase rumen samples were sampled from five places in the rumen (central,
caudal, dorsal, ventral, and cranial) at 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, and 22 h after
the 0800 feeding. Samples were mixed in a common container, approximately 100 g of
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digesta was placed in a plastic bag for LCFA determination, and then the remaining
digesta was strained through two layers of cheesecloth. Immediately after straining, pH
was measured and recorded using pH specific electrode meter (Hanna Instruments,
Woonsocket, RI). Five mL of the strained fluid was added to a centrifuge tube containing
1 mL of meta-phosphoric acid then the sample was frozen for subsequent VFA analysis.
Another 5 mL of strained rumen fluid was added in a 1:1 ratio with a formaldehydemethyl green solution for protozoal enumeration and identification and stored at 4°C.
Sample Analysis
Feed samples and orts were dried in a forced air oven at 55°C for 72 h then
ground to 2 mm through a Wiley Mill (Arthur H. Thomas, Philadelphia, PA),. Neutral
detergent fiber, ADF, and lignin were determined according to Van Soest et al. (1991)
with heat-stable α-amylase and sodium sulfite utilized in the NDF procedure. Dry matter
was determined daily on the TMR and the ingredients (AOAC, 1990). Starch was
analyzed on reground samples (<0.5 mm screen) using an enzymatic procedure (Bach
Knudson, 1997). Starch degradability was conducted by Cumberland Valley Analytical
Services (Waynesboro, PA) and determined by a 7 h in vitro procedure outlined by
Sveinbjὂrnsson et al. (2007).
Milk samples were analyzed for components by a Fossomatic (Foss Electric,
Hillerod, Denmark) by United DHIA, Radford, VA. Frozen milk samples were
lyophilized, then long-chain fatty acids were converted to methyl esters by direct
transesterification in sodium methoxide and methanolic HCl (Jenkins, 2010).
Heneicosanoic acid was included as an internal standard. Individual fatty acid quantities
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were determined on a Shimadzu-2010 gas chromatograph with flame ionization detector
and equipped with a SLB-IL111 (Sigma, St. Louis, MO) fused silica capillary column (L
x I.D. 100 m x 0.25 mm) with 0.2 um film thickness. Fatty acid peaks were identified and
separated by comparison of the retention times to known standards.
Rumen samples were centrifuged at 15,000 x g for 20 min at 4°C. After
centrifugation, 1 mL of the supernatant was combined with 100 uL of internal standard
(86 umol of 2-ethylbutyric acid/mL) in a GC vial. Samples for VFA were then analyzed
by GC-FID according to the methods of Yang and Varga (1989) and injected into a
Hewlett-Packard 6890 gas chromatograph equipped with a custom packed column (2 m x
1/8” x 2.1 mm ss; 10% SP-1200/1% H3PO4 on 80/100 Chromosorb WAW). Another 1
mL of the supernatant was placed in a 2 mL Eppendorf microcentrifuge tube and used for
analysis of NH3 according to Chaney and Marbach (1962). Rumen protozoa were
counted using a Fuchs-Rosenthal counting chamber according to the methods of Hristov
(2001) and later identified using methods previously outlined by Dehority (1993). Each
sample preparation was counted in duplicate and repeated if either value differed from
the average by more than 10%. Six of the major protozoa genera were identified and
counted including species belonging to Entodinium spp., Epidinium spp., Diplodinium
spp., Dasytricha spp., Isotricha spp., and Orphryoscolex spp.
Statistics
Statistical analyses were conducted in SAS version 9.4 for Windows (SAS
Institute, Cary, NC) using the mixed procedure. The model was Yijklmn = µ + Si + Pj +
Ck(Sj) + Xl + Tm + Dn + Tm x Dn + eijklmn, where Yijklmn is the variable of interest, µ is the
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overall mean, Si is the random effect of sequence (i = 1 to 2), Pj is the random effect of
period (j = 1 to 2), Ck(Si) is the random effect of cow nested in sequence (k = 1 to 6) , Xl
is the fixed effect of d 0 of the recovery phase as a covariate, Tm is the fixed effect of
treatment (m = 1 to 2), Dn is the fixed effect of time (n = 1 to 7), and Tm x Dn is the
interaction of treatment and time, and eijklmn is the residual error. The model was adapted
from previous studies that have used a milk fat induction and recovery type of study
(Rico and Harvatine, 2013; Rico et al., 2014a; Rico et al., 2015b). Rumen ammonia,
VFA, and pH were analyzed as repeated measures (Littell et al., 1998) with
autogregressive (1) covariance structure as the best fit for the model. The KenwardRogers denominator degrees of freedom adjustment was used. Least squares means are
presented in tables, with significance and tendencies declared at P < 0.05 and P < 0.10,
respectively. Interactions discussed in this paper were significant if P < 0.10 and
considered a tendency if P < 0.15.
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RESULTS AND DISCUSSION
Diet ingredients and nutrient composition are listed in Table 1. In order to induce
milk fat depression, a high oil, high starch, and low fiber diet was used. The LDS and
HDS diets contained on average 45% corn silage, 2.9% chopped hay, and 9.6% ground
corn or processed corn, and 41.2% of a grain mix on a DM basis. To increase starch Kd,
the HDS diet contained 4.8% ground corn and 4.8% processed corn with greater starch
Kd (Table 2). The rations were adjusted daily to account for the corn silage DM variation
as well as weekly to maintain animals at 110% of predicted intake. Milk fat depression
was intentionally induced by the use of soybean oil within the grain mix to increase the
RUFAL. Recovery diets were formulated without soybean oil, a lower starch level, and
greater forage inclusion.
Induction of Milk Fat Depression
The study design allowed for an induction phase of 10 d followed by an 18 d
recovery phase. Several studies have utilized this induction and recovery experimental
model where milk fat has been reduced to near maximal levels in 9 d by feeding a low
fiber and high unsaturated fatty acid diet (Rico and Harvatine, 2013; Rico et al., 2014a;
Rico et al., 2015a,b).
Milk fat concentration averaged 3.75% ± 0.3 at the beginning of the induction phase
and dropped to 2.34% ± 0.22 by d 10 of IND (Figure 2). After cows were on the IND diet
for 7 d milk fat concentration was reduced by 25%, and reached a nadir after 10 d with a
31 ± 5.4% reduction in milk fat concentration. These reductions during the IND phase
reflected a significant effect of day (P < 0.01), and was consistent with responses seen
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during induction of MFD (Rico et al., 2015). There was no difference in milk fat
concentration or yield between recovery treatments at d 10 of IND or at the end of the
washout phase. This suggests there was little carryover effect of diet at the start of the
new treatment period. Rico and Harvatine (2013) who first published the time course of
induction and recovery of MFD, reported that cows receiving a high PUFA and low fiber
diet decreased milk fat percentage and yield progressively by d 3 and 5, yet did not differ
in milk yield or other components. As planned, there was no effect of treatment during
IND, as all animals were consuming the same diet prior to being assigned to recovery
treatments. There are extensive reports of MFD induced by sources of high starch
degradability, such as high moisture corn (Bradford and Allen, 2004), ground barley
(Mohammed et al., 2010), and steam flaked corn (Mathew et al., 2011), for example.
High starch degradability is not necessarily a direct cause of MFD, but is considered a
risk factor due to the high fermentability that can drop pH and alter bacterial populations
that may favor accumulation of some milk fat inhibitors.
Milk yield remained unchanged by treatment throughout the duration of IND
(Figure 2). Rico and Harvatine (2013) reported no change in milk yield during induction
of MFD, which is consistent with other reports on MFD (Baumgard et al., 2000; Bauman
and Griinari, 2001) and one of the defining characteristics of the disorder in that milk
yield is often unaffected but milk fat is reduced. De novo FA were decreased over time
during IND, which was to be expected (Figure 2; P < 0.01). Short and medium chain FA
(4 to 14 carbons) as well as some of the 16-carbon FA come from the de novo synthesis
via acetate and β-hydroxybutyrate (Harvatine et al., 2009). These de novo FA contribute
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to approximately half of the milk FA, with the remaining half being pre-formed (FA > 16
carbons). These FA are derived from the diet by absorption from the digestive tract or
mobilization from body reserves (Palmquist, 2006). Reductions in de novo FA are
commonly observed during MFD. Rico et al. (2014a) observed a decrease in de novo FA
during induction of MFD, followed by an increase in de novo FA during recovery. This is
characteristic of diets high in PUFA, where a greater proportion of FA in the milk are
derived from the preformed FA pool, resulting in less de novo FA production.
During IND, higher quantities of trans-10, cis-12 CLA were observed that were
similar to what has been reported in the literature (Figure 2; Jenkins and Harvatine,
2014). Trans-10, cis-12 CLA has been reported as the isomer associated with MFD, and
is part of the altered biohydrogenation pathway in the rumen. Increased amounts of trans10, cis-12 CLA are commonly detected in the milk of cows with MFD. It has been
observed that small quantities of trans-10, cis-12 CLA can cause the onset of MFD, such
as 3.5 g/d can reduce milk fat by 25% (Baumgard et al., 2000).
Dry matter intake decreased from d 0 to d 10 (Figure 2). A similar response with
DMI during IND and recovery was also reported by Rico and Harvatine (2013). Dry
matter intake is commonly thought to be limited by increasing NDF content in the diet
(Allen, 2000). However, in the case of the decline in DMI during IND is likely to be
associated with the energy density due to the high starch and PUFA nature of the diet.
Dietary fat has been reported to be a potent stimulator of cholecystokinin (CCK), which
has been related to satiety (Allen, 2000). Similarly, high starch diets increases propionate
production in the rumen and flux to the liver, which can also reduce DMI by altering the
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energy status of the liver (Bradford and Allen, 2005). Ramirez-Ramirez et al. (2014) and
Harvatine and Allen (2006a) reported reductions in DMI with increased PUFA intake.
Harvatine et al. (2009b) suggested that under MFD conditions, there may be an energy
sparing effect where energy is partitioned toward body reserve replenishment as a result
of the reduction in milk energy output. In the present study, the reduction in DMI during
IND is parallel to studies done with high PUFA rations.
Recovery of Milk Fat Depression
Dry matter intake increased consistently from d 16 to d 28 (Table 3). The increase
in DMI over time during the recovery phase is consistent with that observed in rations
with a higher forage inclusion (Whitlock et al., 2003; Martinez et al., 2009; Weiss and
Pinos-Rodriguez, 2009). Following the IND phase, milk fat yield and concentration
progressively increased over time in both HDS and LDS treatments (Figure 3b-c).
However, no statistical difference existed between treatments during the recovery phase,
but there was a coordinate drop in milk production due to the later stage in lactation at the
end of recovery. Even with the 7 h starch Kd increased from 66.7% to 87.8%, milk fat
concentration and yield were not affected by treatment, suggesting that inclusion of
highly degradable starch sources can be utilized during recovery from diet-induced MFD.
It is possible that the responses seen during this experiment can be attributed to the
inclusion of the processed corn at 50% of the corn in the HDS treatment, and suggests
that a higher inclusion may be warranted to see more extreme effects. In order to recover
milk fat, the recovery diets were aimed to correct for dietary PUFA concentration, mainly
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by exclusion of soybean oil in the grain mix as well as reduced starch levels and
correction of dietary NDF.
No treatment by day interactions for the concentration of de novo or preformed
FA were observed in the present study (Table 4). Milk de novo FA (FA < 16 carbons)
concentration tended to be higher in LDS than HDS (P = 0.06). Preformed FA
concentrations decreased during the recovery phase, and were greater in HDS than LDS
(P = 0.01). The preformed FA in milk during recovery were expected to decrease, due to
the reduction in supply of PUFA in the recovery diets. However, the HDS treatments had
a greater level of preformed FA in milk, indicating that the HDS diet is providing a
greater amount of preformed FA potentially by altering the FA flow to the duodenum or
the rate of degradation of the product in the rumen. Milk 16C FA did not differ by day or
treatment throughout the duration of this study. Alterations in de novo and preformed FA
are characteristics commonly reported in studies investigating MFD, with de novo FA
decreasing during MFD and the preformed FA increasing significantly (Rico et al., 2015;
Ramirez Ramirez et al., 2014).
Milk trans-10 C18:1, trans-11 C18:1, and cis-9, trans-11 CLA differed
significantly by day (P < 0.01). During recovery, there was no statistical difference
between treatments for trans-10 C18:1, but there was a numerical decrease and the LDS
responded more favorably, suggesting that both HDS and LDS may be shifting back to
the normal biohydrogenation pathway. However, there was a tendency for an interaction
for trans-10 C18:1 during recovery. This response is likely mediated by the increase of
trans-10 C18:1 in the HDS treatment from d 16-28, while LDS decreased from d 16-28.
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Similarly, trans-11 C18:1 differed by day (P < 0.01) and tended to be higher in HDS than
LDS (P = 0.10). The trans-11 C18:1 isomer is associated with the normal
biohydrogenation pathway and is created from the desaturation of cis-9, trans-11 CLA
(Harvatine et al., 2008). Rico et al. (2015) reported reductions in trans-10 in diets where
diet fermentability was corrected by altering the NDF but not PUFA level, and decreases
in trans-11 C18:1 when PUFA was corrected but not diet fermentability. This is counter
to our observations where trans-11 C18:1 tended to be greater with HDS, but in the
present study this was only a tendency. The trans-11 C18:1 isomer is indicative of the
normal biohydrogenation pathway, which may indicate that the HDS treatment allowed
the rumen microbiota to adjust back to the normal pathway. Cis-9, trans-11 CLA differed
by day (P < 0.01) and was altered by treatment (P < 0.01), with HDS exhibiting a greater
overall concentration during recovery as compared to LDS. Perhaps one of the most
potent inhibitors of milk fat production, trans-10, cis-12 CLA did not differ with starch
degradability. However, it is of importance to further scrutinize the tendency that was
observed for trans-10 C18:1 during recovery. This suggests that perhaps if starch
degradability is not assessed when trying to recover cows from MFD there may be a
continued production of trans intermediates that can explain a lag in recovery of milk fat
levels. Although trans-10 C18:1 does not directly cause MFD, it is commonly used as a
proxy for the persistence of the altered rumen biohydrogenation pathway.
During recovery HDS was numerically greater in total VFA as days progressed.
Lascano et al. (2016) reported a tendency to decrease total VFA when starch
degradability went from low to high, however, this is not reflected in the present study
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where the HDS is numerically higher in total VFA production. The increase in total VFA
production over days in recovery and the numerical difference between treatments
suggests that the rumen environment is shifting back to normal after IND, and the amount
of fermentable carbohydrate may be more readily available in the HDS treatment.
Individual VFA were all affected by day (Table 5; P < 0.01) and treatment by day.
Acetate tended to be greater (P = 0.13) for HDS, which coincides with that reported by
Lascano et al. (2016), where acetate was increased with starch degradability. Isobutyrate
tended to be higher in LDS during recovery (P = 0.08), however other isoacids such as
isovalerate were higher in the HDS treatment as compared to LDS (P < 0.01). Butyrate
was also affected by treatment (P = 0.03), with the higher concentrations being found in
the LDS treatments during recovery. Changes in butyrate, isobutyrate, and isovalerate
may be attributed to the source of corn in this experiment. These results are counter to
those observed by Lascano et al. (2016) with higher starch degradability yielding lower
concentrations of butyrate, isobutyrate, and isovalerate. The A:P ratio was unchanged by
treatment (P = 0.53), but was noticeably greater during the recovery phase for both
treatments. The treatment by day interaction for A:P can be explained by the increase
concentration of acetate for HDS compared to LDS. Rumen ammonia was altered by day
(P < 0.01) and exhibited a treatment by day interaction (P < 0.01). On day 16 NH3-N was
greatest for HDS, and dropped to <10 mg/dL thereafter. However, LDS stayed relatively
constant over time, yet was greater than HDS on d 22 and 28. Ramirez-Ramirez (2015)
reported a decrease in NH3-N when starch was added to diets containing dried distillers
grains compared to addition of corn oil. Higher NH3-N for HDS on d 16 suggests there is
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less N being captured for microbial protein synthesis. Additionally, the greater rumen
NH3-N over time is consistent with the greater MUN seen over the time course of
recovery. High MUN levels can often be explained by a number of factors, including
situations of excessive amounts of RDP or RUP, limited fermentable energy supply or an
imbalance in carbohydrate and protein supply (Acharya et al., 2015). Valadares et al.
(1999) observed a linear increase in rumen NH3-N with increased inclusion of high
moisture ear corn.
Mean ruminal pH peaked at d 16 during recovery in both treatments (Figure 4). In
addition, pH was similar between HDS and LDS at each day during recovery. However,
there is a tendency for an interaction between treatment and day that can be attributed by
the drop on day 28. Figure 5 illustrates the postprandial pH throughout the recovery
phase. The average pH of rumen liquor was not affected by treatment, but was affected
by day (Table 5; P < 0.01). A previous study reported higher pH with a diet high in starch
degradability which could be explained by nitrogen metabolism or protozoa (Lascano et
al., 2016). The same increase in pH was not seen in the current study, but could be
attributed to the level of inclusion of processed corn in the HDS treatment. However,
increased ruminal production of trans-10, cis-12 CLA has been linked to low ruminal pH
which is commonly found with high starch feeding and inadequate dietary fiber (Fuentes
et al., 2009; Rico et al., 2015). Valadares et al. (1999) showed that up to 65% dietary
concentrate in the form of high moisture corn resulted in a significant drop in pH.
Protozoa play a major role in rumen symbiosis, and some species have a preference
to engulf starch and thereby alter its degradation in the rumen. A treatment by day
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interaction was observed for total rumen protozoal population (P < 0.01; Table 6). Total
protozoa increased in all treatments between d16 and 28 during recovery. During the
recovery phase, total protozoa numbers were greater in the HDS treatment as compared
to the LDS treatment (P < 0.01). No treatment by day interaction was observed for the
individual protozoa genera Epidinium, or either of the holotrich species belonging to
Dasytricha or Isotricha. Entodinium spp., Epidinium spp., and Diplodinium spp., were all
altered by day (P < 0.01), and a treatment by day interaction was observed (P < 0.01).
Certain genera of protozoa have a high affinity for certain substrates. For example,
Entodinium spp. has been observed to have an extreme preference for starch, which
supports the increase in this genera with HDS (Hungate, 1966). Other genera such as
Dasytricha spp. or Isotricha spp. have been reported to accumulate with diets high in
sugars (Van Soest, 1994). In the case of the present study, if the starch was more
available for engulfment it is logical to see increases in these populations. Entodinium
spp. was greater for the HDS treatment, and decreased over time during recovery (P =
0.04). The increase in Entodinium spp. for the HDS treatment can be explained by their
close affiliation with feed particles and preference for starch (Russell, 2002). In addition,
the greater total protozoa counts for HDS is consistent with high amounts of available
starch in the rumen, as well as Entodinium spp comprising a large portion of the total
protozoal mass (Hungate, 1966).
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CONCLUSIONS
Increasing dietary PUFA and decreasing fiber content in rations induces MFD
within 10 d. Starch degradability is highly variable based on the nature of the grain,
processing, ration, animal, and can range anywhere for 30% to 90%. Reductions in milk
fat percentage related to starch degradability is highly dependent upon these multiple
variables. In the present study, starch degradability was assessed during recovery from
classical diet-induced milk fat depression. Addition of high starch degradable sources in
recovery diets results in similar recovery time compared to low degradable starch diets.
Milk rumenic acid was increased with LDS, and isomers associated with milk fat
inhibition were reduced overall during recovery, regardless of treatment. However, there
was a tendency for an interaction between treatment and day for trans-10 C18:1. This
suggests that the alternate pathway of biohydrogenation still may persist during recovery
with HDS and evaluation of starch level and PUFA during recovery may not be adequate
to recover cows from MFD if the recovery diet has a high starch Kd.
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Table 1. Ingredient and nutrient composition of induction (IND) or recovery diets (LDS
and HDS) fed to lactating Holstein cows.
Induction
Recovery
IND
LDS
HDS
Ingredients, % DM
Corn silage2
37.4
45.7
45.7
3
Chopped hay
0.8
2.9
2.9
Ground corn
22.4
9.6
4.8
Processed corn
0.0
0.0
4.8
Soy best
1.5
5.9
5.9
Citrus pulp
8.5
7.7
7.7
Roasted soybean
5.3
5.3
5.3
Soybean oil
1.7
0.0
0.0
Soybean meal
11.2
6.9
6.9
Optigen
0.5
0.5
0.5
Bakery byproduct
4.7
9.4
9.4
Molasses cane
2.7
2.7
2.7
4
Mineral/vitamin mix
2.8
2.8
2.8
Chemical composition
DM
94.3
94.3
94.4
CP
15.6
15.0
15.7
NDF
27.1
33.0
33.3
ADF
15.6
20.2
20.2
Starch
28.0
23.5
22.5
Total Fatty Acids
7.5
5.2
5.1
C18:1 (total), g/d5
354.63
226.05
216.46
C18:2n-6, g/d
735.22
440.08
417.9
C18:3, g/d
61.07
56.46
55.81
7-h starch degrad.1, % of starch
74.8
66.5
87.8
1

7 h starch degradability conducted at Cumberland Valley Labs, Waynesboro, PA.
Corn silage contained 26% DM (as-fed), 52.8% NDF, 23.2% starch, and 7.8% CP on a DM basis.
3
Chopped hay was a combination of coastal bermudagrass and ryegrass baleage that contained 76.3% DM,
65.3% NDF, 1.2% starch, and 12.6% CP on a DM basis.
4
Mineral mix contained (as-fed basis) 28.5% potassium sulfate, 19% calcium phosphate monobasic, 19%
limestone, 14.26% salt, 9.5% calcium phosphate dibasic, 4.75% vitamin ADE premix, 2.85% magnesium
oxide, 0.19% copper oxide, 0.95% calcium carbonate, 0.48% magnesium sulfate, 0.38% zinc sulfate.
Composition (DM basis): 12.5% Ca, 5.7% P, 2.4% Mg, 11.7% K, 5.4% S, 5.7% Na, 9.1% Cl, 1,428.7 ppm
Cu, 1,395.4 ppm Zn, 3,627.9 ppm Fe, 114.1 KIU/kg of vitamin A, 38.0 KIU/kg of vitamin D, and 475.3
KIU/kg of Vitamin D.
5
Sum of cis-9 C18:1 and cis-11 C18:1.
2
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Table 2. Composition of processed and unprocessed corn sources used in the low
degradable starch (LDS) and high degradable starch (HDS) treatment diets during the
recovery phase.

DM
CP, % DM
Soluble protein, % DM
ADF, % DM
NDF, % DM
Starch, % DM
7-h starch degrad., % of starch2

Ground Corn
88.5
9.8
1.5
3.9
13.1

Processed Corn1
90.4
7.7
1.1
4.0
16.5

72.0
44.3

73.1
75.3

1

Processed corn source was supplied by Dr. Mark Holt of Matrix Nutrition, LLC.
Starch degradability was analyzed using a 7 h in vitro incubation by Cumberland Valley Analytical
Services (Waynesboro, PA).
2
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Table 3. Milk composition and yield during recovery from diet-induced milk fat depression using a low degradable starch
(LDS) or high degradable starch (HDS) diet.
Recovery
P - value
Item
Trt
16
22
28
SEM
Day
Trt
Trt x Day
HDS
2.60
2.98
3.90
0.20
<0.01
0.62
0.92
Fat, %
LDS
2.73
3.17
3.75
HDS
3.38
3.38
3.25
0.10
<0.01
0.72
0.69
Protein, %
LDS
3.28
3.03
3.00
HDS
4.9
4.79
4.79
0.05
0.19
0.83
0.75
Lactose, %
LDS
4.87
4.84
4.83
HDS
13.12
10.47
13.18
1.22
<0.01
0.41
0.74
MUN, %
LDS
10.47 12.20
14.80
Milk yield, kg/d
HDS
27.15 29.84
26.80
1.21
0.24
0.56
0.32
LDS
27.41 30.55
28.37
Fat, kg/d
HDS
0.72
0.90
1.04
0.09
<0.01
0.67
0.98
LDS
0.78
0.99
1.07
DMI kg/d
HDS
20.62 22.28
23.79
1.22
<0.01
0.91
0.87
LDS
20.77 22.25
23.78
Feed Efficiency1
HDS
1.11
1.19
1.26
0.10
<0.01
0.97
0.49
LDS
1.29
1.19
1.27
1

Calculated by energy corrected milk divided by dry matter intake.

Table 4. Fatty acid composition of milk during recovery from diet-induced milk fat depression using a low degradable starch
(LDS) or high degradable starch (HDS) diet.
Recovery
P – value
FA, % of total FA
Trt
16
22
28
SEM
Day
Trt
Trt x Day
trans-10 C18:1
HDS
2.85
3.75
3.11
0.91
<0.01
0.99
0.14
LDS
3.10
1.77
2.43
trans-11 C18:1
cis-9, trans-11 CLA
trans-10, cis-12 CLA

104

FA >16 C1
FA <16 C1
FA 16 C
1

HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS

1.66
0.92
0.92
0.59
0.02
0.001
45.92
44.81

1.83
1.46
0.82
0.79
0.003
0.005
45.17
45.17

2.15
0.97
0.84
0.87
0.004
0.01
44.35
40.39

0.42

<0.01

0.10

0.13

0.11

<0.01

<0.01

0.41

0.03

0.09

0.43

0.40

1.31

<0.01

0.01

0.27

HDS
LDS
HDS
LDS

25.51
26.74
28.75
28.27

25.96
29.09
29.05
29.65

24.84
27.88
29.01
29.92

0.84

<0.01

0.06

0.29

0.96

<0.01

0.72

0.78

Fatty acids <16 C originate from de novo fatty acid synthesis in the mammary gland, >16C FA originate from plasma, and 16C
originate from both sources.

Table 5. Fermentation parameters during recovery from diet-induced milk fat depression using a low degradable starch
(LDS) or high degradable starch (HDS) diet.
Item
Total, mM
VFA, mol/100 mol
Acetate (A)
Propionate (P)
Isobutyrate
Butyrate
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Isovalerate
Valerate
A:P
NH3-N, mg/dL
pH
Time below pH 6, h

Trt
HDS
LDS

16
77.22
65.18

Recovery
22
83.21
70.24

HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS

55.14
52.57
21.16
21.99
0.62
0.73
9.83
10.32
0.95
0.88
1.36
1.34
2.69
2.44
14.49
10.69
6.43
6.43
4.79
4.54

54.16
51.67
21.07
21.10
0.72
0.89
10.40
11.14
0.89
0.82
1.27
1.22
2.64
2.52
8.93
10.43
6.23
6.22
8.79
8.54

Day
<0.01

P - value
Trt
0.78

Trt x Day
<0.01

0.68

<0.01

0.13

<0.01

0.73

<0.01

0.88

0.03

0.04

<0.01

0.08

0.02

0.17

<0.01

0.03

0.03

0.04

<0.01

<0.01

<0.01

0.05

<0.01

0.26

<0.01

0.08

<0.01

0.53

<0.01

1.31

<0.01

0.76

<0.01

0.08

<0.01

0.84

0.09

1.36

<0.01

0.35

0.77

28
93.48
79.60

SEM
5.56

53.22
50.49
21.36
21.46
0.73
0.88
10.60
11.25
0.83
0.74
1.15
1.07
2.54
2.39
9.53
10.61
6.24
6.20
9.46
8.87

Table 6. Protozoal populations of ruminal contents during recovery from diet-induced milk fat depression using a low
degradable starch (LDS) or high degradable starch (HDS) diet.
Recovery
P - value
1
4
Protozoa , 10 /mL
Trt
16
22
28
SEM
Day
Trt
Trt x Day
Entodinium spp.
HDS
77.3
76.4
69.8
1.31
<0.01
0.04
<0.01
LDS
67.1
68.9
65.6
Epidinium spp.
Diplodinium spp.
Dasytricha spp.
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Isotricha spp.
Orphryoscolex spp.
Total
1

HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS

1.1
0.9
1.3
1.2
1.2
1.1
0.9
0.8

1.1
0.9
1.3
1.2
1.2
1.2
0.8
0.8

0.9
0.9
1.3
1.1
1.3
1.2
0.9
0.9

0.23

<0.01

0.52

0.16

0.17

<0.01

0.60

0.02

0.13

0.25

0.90

0.27

0.87

<0.01

0.72

0.24

HDS
LDS
HDS
LDS

0.6
0.7
52.1
39.8

0.6
0.7
53.4
40.0

0.7
0.7
53.6
45.1

0.68

0.53

0.37

0.78

1.19

<0.01

<0.01

<0.01

Estimated according to the methods of Dehority (1993).

Period 1

Induction 10 d (6 cows)

Recovery 10 d
HDS (3 cows)

Recovery 10 d
HDS (3 cows)

very 10 d
LDS (3 cows)
Washout 10 d (6cows)

Period 2

Induction 10 d (6 cows)

Recovery 10 d
HDS (3 cows)

Recovery 10 d
LDS (3 cows)

covery 10 d
HDS (3 cows)
Figure 1. Experimental treatment sequence for a crossover design investigating the effect
of high (HDS) or low (LDS) starch degradability during recovery. Cows were switched to
the next recovery treatment during recovery of period 2 so that no cow received the same
recovery diet twice.
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FA <16C, % Total FA

DMI, kg/d

22.5
22
21.5
21
20.5
20
19.5
19
18.5
18

25
23
21
19
17

0

4
7
Time, d

10

0

FA >16C, % Total FA

30
29
28
27
26
25
0

4
7
Time, d

4

7

10

7

10

7

10

Time, d

31

Milk Yield, kg/d

27

58
56
54
52
50
48
46
44
42
40
0

10

4
Time, d

0.11

trans-10, cis-12 CLA, % total FA

Milk Fat Yield, kg/d

1.1
1
0.9
0.8
0.7
0.6
0.5
0

4
7
Time, d

10

0.09
0.07
0.05
0.03
0.01
-0.01

0

4
Time, d

Figure 2. Induction phase responses on DMI, milk yield, milk fat yield, FA <16C, FA >16C,
and trans-10, cis-12 CLA.
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A

Milk Yield, kg/d

33
31

*

29
27
25

HDS
LDS

23
10

16

22

28

4.5B

Milk Fat %

4
3.5

B

3
2.5

HDS
LDS

2
10

16

22

28

C
Milk Fat Yield, kg/d

1.5

*

1.3
1.1
0.9
0.7

HDS
LDS

0.5
10

16

Time, d

22

28

Figure 3. Effects of feeding high (HDS) or low (LDS) degradable starch diets on
recovery from diet-induced milk fat depression. (A) Milk yield; (B) milk fat
concentration; (C) milk fat yield. *Indicates significant difference (P < 0.05) at time
point. Arrow represents the end of induction and start of recovery.
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6.5
6.45
6.4
6.35

pH

6.3
6.25
6.2
6.15
6.1

HDS

6.05
LDS
6
10

16

22

28

Time, d

Figure 4. Mean pH values during recovery from diet-induced milk fat depression in cows
fed HDS and LDS treatments. HDS = high degradable starch diet; LDS = low degradable
starch diet. Arrow represents the end of induction and start of recovery.
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7.4
7.2
7

pH

6.8
6.6
6.4
6.2
6
HDS
5.8
LDS
5.6
0

2

4

6

8

10
12
14
Hours Postfeeding

16

18

20

22

Figure 5. Posprandial pH values during recovery from diet-induced milk fat depression
in cows fed HDS and LDS treatments. HDS = high degradable starch diet; LDS = low
degradable starch diet. Arrow represents the end of induction and start of recovery.
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CHAPTER 3: STARCH DEGRADABILITY AND SUGAR IN CONTINUOUS
CULTURES FED DIETS HIGH IN UNSATURATED FATTY ACIDS ALTERS
FERMENTATION AND PRODUCTION OF TRANS INTERMEDIATES
ABSTRACT
Starch with high rates of degradability (ShD) may lead to a decrease in ruminal
pH and an increase in the outflow of ruminal biohydrogenation (BH) intermediates.
Replacing a portion of the starch, especially high ShD, with sugar may improve BH and
rumen fermentation. The objective of this study was to determine the effects of adding
lactose or sucrose to high or low ShD diets on BH, digestibility, and rumen fermentation
in continuous culture fermenters with a basal level of soybean oil. Treatments included
two ShD levels, high (HDS) and low (LDS), and four levels of sugar inclusion, no sugar
(CONTROL; C), lactose (L), sucrose (S), and a combination of lactose and sucrose (L +
S). Diets were formulated to contain 30% starch on a DM basis and approximately 70 or
90% 7h ShD. Continuous culture fermenters were randomly assigned to a 2 x 4 factorial
arrangement of treatments and ran for 4, 10 d periods. Data were analyzed using the
MIXED procedure of SAS, and preplanned contrasts were utilized to compare C to All
sugars, S to L, and L and S to L + S. Dry matter, OM, and ADF apparent digestibility
coefficients (dC) were unaffected by starch or sugar, but NDF dC tended to increase with
sugar inclusion. The outflow of individual saturated FA C12, C14, C16, C22, and C24
were all reduced or tended to be reduced with HDS. Total trans C18:1, trans-9 C18:1,
and trans-10 C18:1 outflow were not affected by ShD, but BH rate of C18:2 was
significantly decreased with HDS. Higher ShD increased trans-10, cis-12 CLA expressed
as a proportion of the total CLA. The mean pH of the cultures fed S had a greater pH
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when compared to L, and sucrose spent less time below pH 6 when compared to L. Daily
outflow of saturated FA C12 and C14 were greater for the combination of sugars (L + S)
than the individual sugars S or L alone. Outflow of the C18:1 and C18:2 tended to be
greater for L and S as compared to L + S, and BH rate for C18:2 was increased with the
combination of sugar (L + S) compared to L and S. Outflow of cis-9, trans-11 CLA was
decreased (C vs All sugars) and total CLA outflow tended to be reduced with overall
sugar addition (C vs All sugars). In addition, the proportions of trans-10, cis-12 CLA and
cis-9, trans-11 CLA are shifted to favor a greater portion of trans-10, cis-12 CLA with
sugar addition to the cultures. These findings suggest that when sugar in the form of L or
S replaces a portion of the starch in continuous cultures with a high rumen unsaturated
fatty acid load (RUFAL) there are major alterations in BH of FA. Starch degradability
also alters the proportions of CLA produced in the culture, and alters pH. Replacing HDS
with sugars may not improve conditions that are involved in the accumulation of BH
intermediates.
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INTRODUCTION
Production of bioactive fatty acid isomers such as trans-10, cis-12 CLA have been
reported to be due to changes in the rumen environment, more specifically, the rumen
microbial population (Rico et al., 2015). Milk fat depression (MFD) caused by the
production of some of these bioactive isomers has been investigated thoroughly. For
example, it has been well documented that an increase in rumen unsaturated fatty acid
concentrations, predominantly C18:2, can cause major changes in the microbial
populations and shift biohydrogenation (BH) pathways towards the accumulation of milk
fat inhibiting isomers (MFI), such as trans-10, cis-12 CLA (Baumgard et al., 2000). In
addition to increased rumen unsaturated fatty acid load (RUFAL), diets high in starch can
also result in microbial population changes and can contribute to the accumulation of MF I.
Griinari et al. (1998) observed an increase in trans-10 C18:1 in the milk and a decrease in
ruminal pH when 80% concentrate diets supplemented with corn oil were fed to lactating
dairy cows. Piperova et al. (2002) reported an increased production of trans-10 C18:1, an
indicator of the alternate biohydrogenation pathway, with diets high in starch and a forage
to concentrate ratio (F:C) of 25:75.
Diets with high rates of starch degradability (ShD) have also been reported to increase
the yield of trans intermediates, making it another risk factor for MFD (Lascano et al.,
2016). Jenkins et al. (2003) observed an increase in trans intermediate accumulation that
was attributed to the source of starch, barley, which has a greater degradability than corn.
It is possible that starch sources with higher degradabilities have a propensity to interfere
with the completion of normal rumen biohydrogenation or shifts in bacterial communities
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associated with the final hydrogenation of monoenes. Therefore, replacing a portion of the
starch, especially in diets that include starch sources with high rates of degradability, could
potentially improve production and alleviate MFD due to reduced trans intermediate
accumulation.
Many investigations have aimed at replacing a portion of the starch with sugar and
reported positive responses with pH, DMI, milk production, and milk fat yield (Oba, 2011;
Chibisa et al., 2015). Sun et al. (2015) suggested that these positive effects, particularly
related to milk fat production, when replacing dietary starch with sugar may be due to an
inhibition of the trans-10 biohydrogenation pathway in the rumen. Additionally, some
investigations have reported an increase in pH when feeding sugars (Broderick and
Radloff, 2004; Broderick et al., 2008). This is perhaps due to the increased production of
butyrate, which may stimulate blood flow and increase the uptake of volatile fatty acids
across the rumen epithelium (Oba, 2011). With the potential improvement of rumen pH
with added sugar, a possibility exists for the inclusion of sugars to increase rumen pH when
cows are fed diets containing high starch levels or having a high starch degradability.
Conditions of low ruminal pH have been association with an increased
accumulation of trans intermediates that may lead to the onset of MFD (Fuentes et al.,
2009). In addition, Penner and Oba (2009) demonstrated that a high sugar diet reduced
trans fatty acid (FA) concentrations in milk and tended to increase milk fat yield. The
replacement of a portion of the starch with sugar has been implicated in the improvement
of fiber digestibility and enhancement of fiber digesting bacteria that also play a role in the
biohydrogenation of FA (Broderick and Radloff, 2004). Martel et al. (2011) demonstrated
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that molasses supplementation increased rumen pH and enhanced biohydrogenation.
However, there is limited data on how replacing a portion of corn with different ShD with
sucrose, lactose, or combinations will affect biohydrogenation and the accumulation of
MFI in high oil diets.
Therefore, the objective of this study was to investigate the effects of starch with
varying ShD and replacing a portion of the starch with different disaccharides in a high
soybean oil diet on fermentation, pH, and biohydrogenation of FA. We hypothesize that
substituting corn with high ShD with disaccharides in the form of sucrose or lactose will
improve fermentation, increase pH, and reduce the accumulation of MFI.
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MATERIALS AND METHODS
Treatments
The study was organized as a 2 x 4 factorial design with 8 experimental diets fed
to eight dual-flow continuous culture fermenters. Fermenters were run in 4 replicated
periods of 10 d. Each period was started with a clean fermenter and inoculated with fresh
ruminal contents from a fistulated cow. Treatments were allocated to a different
fermenter during each period to remove any fermenter-specific differences. Fermenters
were randomly assigned to 8 continuous culture fermenters and fed 55 g/d (49:51
forage:concentrate, DM basis; Table 1) split into two equal feedings at 0800 and 2000 h.
Treatments included two starch degradability (ShD) levels, high (HDS) and low (LDS),
and four levels of sugar inclusion, no sugar (CONTROL; C), lactose (L), sucrose (S), and
a combination of lactose and sucrose (L + S). Diets were formulated to contain 30%
starch on a DM basis and 70 or 90% 7h starch degradability. The high degradable starch
diets contained a processed corn product (Matrix Nutrition LLC, Phoenix, Arizona) that,
according to the manufacturer, was treated with proprietary heat and pressure to disrupt
the prolamin structures that bind starch granules within the corn germ. To obtain a lower
level of ShD for the LDS treatments, a ground corn meal was utilized. Both LDS and
HDS treatments included a basal level of soybean oil to push the cultures to a high rumen
unsaturated fatty acid load (RUFAL). However, due to the processing of the corn, the FA
profile of the HDS differed from the LDS treatment. In order to balance the diets for both
FA and fat level, corn oil was added in combination with soybean oil. Other dietary
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modifications included the manipulation of corn starch, casein, and soybean meal to
obtain similar dietary levels of starch and crude protein fractions between treatments.
Culture Conditions
Whole ruminal contents were collected from two rumen fistulated cows fed a
50:50 forage to concentrate diet (40.3% NDF, 15.3% CP, 22.1% starch, 4.4% total FA)
just prior to the morning feeding and strained through two-layers of cheesecloth into a
sealed container. All surgical and animal care protocols were approved by the Clemson
University Animal Care and Use Committee. Rumen fluid from both cows was combined
and purged with CO2 until inoculation. The filtered rumen fluid was combined with
buffer in a 1:1 ratio according to the methods of Slyter et al. (1966). Approximately 800
mL of diluted inoculum was added to each dual-flow fermenter. The time from when the
rumen contents were collected to dilution and addition to the fermenters did not exceed
20 min. Fermenter construction and operation was based on the design outlined by
Teather and Sauer (1988) with several modifications. An overflow sidearm that angled
downward at approximately 45o to facilitate emptying, a faster stirring rate (45 rpm) that
still allowed stratification of particles into an upper mat, a middle liquid layer of small
feed particles, and a lower layer of dense particles, and a higher feeding rate (60 g/d asfed) were the main modifications utilized. The cultures were maintained for a total of 10
d, 7 d for adaptation and 3 d for culture sampling.
Buffer solution used to dilute the inoculum (Slyter et al., 1966) was also delivered
continuously using a peristaltic pump to achieve a 0.10/h fractional dilution rate. Each
fermenter was continuously purged with CO2 at a rate of 20 mL/min to maintain
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anaerobic conditions and gas flow rates were checked before the morning and evening
feeding to ensure consistency. The temperature of the fermenters was held at 39°C by a
recirculating water bath.
Culture pH was monitored every 20 min during each period using installed pH
probes (Broadley James, Irvine, CA). Continuous pH monitoring used pH probes
installed into the fermenters at the start of the period and were programmed to measure
every 20 min using data-logging software (LabVIEW; National Instruments, Austin, TX).
Each continuous probe was calibrated at the start of the period and validated daily with a
handheld probe to ensure accuracy. Culture and overflow DM was monitored daily. On d
10 of each period, a 4-mL sample each of culture contents was taken at 0 (just prior to
feeding), 2, 4, 6, 8, 10, and 12 h for VFA, protozoa, and ammonia analysis. On d 8, 9, and
10 of each period, overflow from each fermenter was collected in a 2-L Erlenmeyer flask
kept covered in an ice bath. The total volume was recorded, and a 20% aliquot of the
overflow was collected, transferred to a common container for that fermenter, and
immediately frozen. Composited overflow samples were later thawed and a subsample
was lyophilized for analysis of DM, NDF, ADF, starch, and LCFA. Culture contents
were mixed thoroughly (160 rpm) before pH readings or sampling to ensure uniformity
and adequate sampling from the cultures.
Sample Analysis
Forage, concentrate, and dried overflow samples were ground in a centrifugal mill
through a 0.5-mm sieve. Ground samples were analyzed for DM (100C), NDF with
sodium sulfite and α-amylase utilized in the procedure, ADF (Van Soest et al., 1991),
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ash, and fatty acids. Nutrient digestibility coefficients (dC) were calculated using the
nutrient analysis of both the feed and overflow. Briefly, overflow volume was corrected
for DM, then digestibility of OM, DM, ADF, and NDF were calculated from the input of
each nutrient into the culture, minus the output of nutrient, divided by the input,
multiplied by 100. Culture samples for VFA analysis were pipetted (4-ml) into
polycarbonate centrifuge tubes containing 1-mL of 25% (w/w) metaphosphoric acid,
vortexed, and then centrifuged at 10,000 x g for 20 min at 4OC. After centrifugation, 1mL of the supernatant was combined in duplicate with 0.1-mL internal standard (86
µmole 2-ethylbutyric acid/mL) in a GC vial. Another 1 mL of the supernatant was placed
in a 2 mL microcentrifuge tube, frozen, and later analyzed for ammonia. Samples for
VFA were then analyzed by GC-FID according to the methods of Yang and Varga (1989)
and injected into a Hewlett-Packard 6890 gas chromatograph equipped with a custom
packed column (2 m x 1/8” x 2.1 mm ss; 10% SP-1200/1% H3PO4 on 80/100
Chromosorb WAW). Fatty acids were identified using the retention times of known
standards. Ammonia was analyzed using the methods of Chaney and Marbach (1962),
with modifications including reduced sample and reagent volume to accommodate the
use of a 96-well plate reader. Triplicate samples having a coefficient of variation greater
than 5% were discarded and the sample reanalyzed. Analysis of D- and L-lactate (BMR
Service, Buffalo, NY) was performed in triplicate using a PEG solution and read on a
spectrophotometer. For this experiment D- and L-Lactate are reported together as total
lactate concentration.
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Long-chain fatty acids in dried ground feed and lyophilized overflow samples were
converted to methyl esters by direct transesterification in sodium methoxide and
methanolic HCl (Jenkins, 2010). Quantities of individual fatty acids present in the
cultures were determined on a Shimadzu GC-2010 gas chromatograph with flame
ionization detector and equipped with a SLB-IL111 (Sigma, St. Louis, MO) fused silica
capillary column (L x I. D. 100 m x 0.25 mm) with 0.2 um film thickness. The initial
temperature was held at 140°C for 3 min then increased 3.7°C per min up to 220°C for 60
min. The carrier gas was helium purged at 20 cm/s. Fatty acid peaks were identified and
separated by comparison of the retention times to known standards.
The 4 mL sample of culture contents was preserved using 4 mL of methyl green
formalin-saline solution for protozoa enumeration (Ogimoto and Imai, 1981). Protozoa
samples were stored at 4°C in darkness until counting. Protozoa were enumerated using a
microscope and a counting chamber (Fuchs-Rosenthal Bright-Line counting cell, 0.2 mm
depth; Hausser Scientific, Horshamm, PA) and genera were identified as outlined by
Dehority (1993).
Statistics
Statistical analyses were conducted in SAS version 9.4 for Windows (SAS Institute,
Cary, NC) using the mixed procedure. The analysis of the response variables was
determined using the following model: Yijk = µ + Pi + Fj + Tk + eijk, where Yijk, is the
variable of interest, µ is the overall mean, Pj is the random effect of period (j = 1 to 4), Fk
is the random effect of fermenter (k = 1 to 8), Tm is the fixed effect of treatment (m = 1 to
8), and eijklmn is the residual error. For observations where multiple measures occurred in
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a period, fixed effect of time and its interaction with other fixed effects were included in
the model. Repeated measurements including simple, autoregressive one, and compound
symmetry covariance structures, were used in the analysis depending on low values
received for goodness of fit measures (Akaike’s information criterion and Schwartz’s
Bayesian criterion). All statistics were done using PROC MIXED procedure of SAS
version 9.4 (SAS Institute Inc., Cary, NC).
Treatment effects were evaluated by the following preplanned contrasts; 1) the main
effect of starch degradability, 2) the main effect of sugar addition (C vs All sugars), 3) the
interaction of starch and sugar, 4) individual sugars (L vs. S), and 5) individual sugars vs.
combination (L and S vs. L + S). If the ShD x sugar interaction was not significant it was
removed from the model. Contrast probabilities P ≤ 0.05 were considered significant,
whereas P ≤ 0.10 and P ≥ 0.05 were considered trends.
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RESULTS AND DISCUSSION
Diet ingredients and composition are shown in Table 1. Diets included a basal
level of soybean oil to induce the culture environment into conditions similar to those
seen with a high RUFAL in continuous cultures (Lascano et al., 2016). Moreover, sugar
content was aimed to be 5% for C, 7% for L and S, and 9% for L + S. For treatments that
were of high ShD, a processed corn product with a high ShD was utilized to replace the
ground corn. Due to the composition of the processed corn source, corn oil was added to
the diets to maintain a similar fatty acid profile across treatments (Table 2). Additionally,
due to the nature of the processed corn, casein and corn starch were added to maintain
similar CP levels and starch concentrations when incremental amounts of sugar replaced
starch; these changes allowed nutrient composition to meet targeted values.
Starch Degradability Effect
Treatment diets included two levels of ShD, high (HDS; 89.4% 7h ShD) and low
(LDS; 68.6% 7h ShD). These levels of ShD were modified using two sources of corn that
differed in processing, ground corn and processed corn. The LDS treatment included
ground corn with a 44.3% 7h ShD, and HDS included a processed corn of 89.7% 7h ShD.
Post-harvest processing techniques are commonly applied to increase the feeding value of
cereal grains. Methods to achieve increased starch availability include particle size
reduction by grinding, ensiling, and steam flaking. Ruminal starch digestion has been
reported to be enhanced from 60% with dry rolled corn to 91% with high moisture corn
or 84% with steam flaked corn (Zinn et al., 2011).
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Diet digestibility coefficients are shown in Table 3. Overall, there was no effect
of ShD on DM, OM, NDF, or ADF digestibility in continuous cultures. Lascano et al.
(2016) reported a quadratic increase in ADF digestibility as ShD increased from low to
high. This can be attributed to the increase in pH seen with the treatments including
processed corn, which could have enhanced the proliferation of fiber-utilizing bacterial
populations within the continuous culture. In the present study, a similar response was
seen with the high ShD treatments and pH, but this did not result in a significant increase
in digestibility coefficients of NDF or ADF. Reports on corn with high ShD and
improved digestibility coefficients have been variable. Theurer et al. (1999) observed a
decrease in fiber digestibility by 16% when steam flaked corn was utilized. However,
Batistel et al. (2017) did not see any differences in digestibility of fibrous components
when steam flaked corn was fed in combination with Ca salts of palm oil. Starch dC was
greater for the HDS treatments (P < 0.01), which was not a surprising observation in that
some corn processing methods such as steam flaking have reported to increase ruminal
starch availability and digestion (Ferrareto et al., 2013; Batistel et al., 2017).
Total VFA were increased for the HDS treatments (P < 0.01; Table 4). Increased
concentrate in the diet, as well as increasing the degradability of the carbohydrate
fraction, are reported to increase VFA production and accumulation (Chibisa et al. 2015).
However, it has been reported that in vitro fermentation systems such as continuous
culture have lower total VFA concentrations compared to in vivo, primarily due to lower
acetate concentrations (Hristov et al., 2012). In vivo conditions have traditionally been
difficult to mimic, but modifications to the continuous culture system has allowed an
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improvement in the maintenance of these conditions. The lower proportions of acetate are
logical with the reductions in cellulolytic populations, with continuous culture having a
lower cellulolytic population density (1.7%) than what has been reported in vivo (5.4%;
Hristov et al., 2012). Lower cellulolytic populations in vitro may be due to the difficulty
of maintaining certain microbial populations after they are removed from the animal.
Despite this observation, the acetate and propionate proportions were not altered by ShD
in the current study. Propionate has been reported to increase with high ShD sources
(Ferraretto et al., 2013), so it was surprising that no effect was observed. Proportions of
valerate, isobutyrate, and isoacids were decreased with HDS (P < 0.01). The observed
reduction in branched chain VFA suggests a reduction in deamination. Ruminal branched
chain VFA are derived primarily from the dietary protein contribution or the recycling of
microbial protein through oxidative deamination and decarboxylation of valine, leucine,
and isoleucine (Van Soest, 1994; Hall, 2017). However, it has been reported that amino
acids can be incorporated into bacteria directly without having to go through deamination
if available energy is sufficient (Russell et al., 1991).
The effect of ShD on pH exhibited a greater pH with HDS (P < 0.01), and less
time spent below pH 6 (P < 0.01). Diurnal variations in pH show that HDS has a
consistently greater pH throughout the day as compared to LDS (Figure 1). In addition,
maximum pH was not significant but the nadir pH was observed to be greater (P < 0.01)
with the HDS treatments, which can also explain why the HDS treatments had a shorter
duration under pH 6 (P < 0.01). The increase in pH observed in this experiment is
contrary to what is commonly reported with starch sources of high degradability
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(Valadares et al., 1999; Yang et al., 2001). Often starch sources with greater ShD illicit
low ruminal pH conditions and are in part responsible for the proliferation of subacute
ruminal acidosis. Several possible explanations for the increase in pH have been reported
by Lascano et al. (2016), including increased N utilization and engulfment and
conversion of starch granules to glycogen by protozoa (Hall, 2017). Chibisa et al. (2015)
suggested that an increase in ruminal pH could be due to a butyrate-induced increase in
permeability of the rumen wall, consequently increasing the absorption of acetate and
propionate. However, in vitro systems cannot account for VFA absorption, so this
increase in pH due to increased VFA absorption cannot be measured. Another
explanation may be due to the nutrient synchrony between starch degradability and N
utilization on microbial protein synthesis (MPS; Hall, 2013). Increased ShD has been
reported to increase energy availability that can allow for greater use of VFA for MPS.
However, NH3-N concentrations were not altered by ShD (Table 4), and total VFA was
observed to be greater with HDS. Increased total VFA for diets high in starch is common
in the literature, and is coupled with a reduction in ruminal NH3-N due to increased
sequestration of NH3-N for microbial growth (Fuentes et al., 2009; Chibisa et al., 2015).
Measures for MPS were not within the aim of this study, but should be considered in
future experiments involving starch sources of high ShD.
The outflow of individual saturated FA C12, C14, C22, and C24 were all reduced
or tended to be reduced with HDS (Table 5). Reductions of these FA are in agreement
with observations by Lascano et al. (2016), where saturated FA C12, C14, and C20 were
all reduced with increasing ShD. This was not an expected result, as all of the diets had
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similar amounts of these saturated FA. The outflow of C16:0 was reduced with LDS.
One possible explanation for the reduction of C16 in the LDS treatments could be
attributed to reduced bacterial flow, as C16 is the main FA of rumen bacteria and
represents 24-35% of the total bacterial FA (Harfoot and Hazelwood, 1997). The outflow
of the unsaturated FA C18:2 was increased with HDS, as well as the total unsaturated
outflow increased (P < 0.01). Without the possibility of a difference in dietary
contribution of C18:2 or total UFA, the next possible explanation is biohydrogenation.
Biohydrogenation rates of C18:2 and C18:3 were decreased with HDS (P < 0.01)
indicating that the biohydrogenation pathway to completion at C18:0 was reduced. This
aligns with our observations with increased C18:2 and UFA flow, and although a C18:0
effect was not detected, there was a numerically lower amount of C18:0 for HDS.
Total trans C18:1, trans-9 C18:1, and trans-10 C18:1 outflow were not affected
by ShD (Table 6). However, there was a tendency for trans-11 C18:1 to be reduced with
HDS, suggesting that the major BH pathway may not dominate in diets with high ShD
and RUFAL. In addition, this reduction in trans-11 C18:1 was also observed by Lascano
et al. (2016). This observation also complements the numerically higher levels of trans10 C18:1 for HDS, which is an indicator of the alternate BH pathway. Outflows of cis-9,
trans-11 CLA and trans-10, cis-12 CLA were not different with ShD, but when
expressed as a ratio cis-9, trans-11 CLA was reduced, whereas trans-10, cis-12 CLA was
increased with ShD. When expressed as a ratio, it becomes more clear how the treatments
affected the amount of the primary isomer of concern, trans-10, cis-12 CLA. Because this
isomer is usually expressed in such small quantities it can be difficult to detect
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differences when analyzing in mg/d quantities. This shift towards more trans-10, cis-12
CLA with increased ShD is associated with a greater risk of MFD, as trans-10, cis-12
CLA has been reported to be the most potent inhibitor of milk fat (Jenkins and Harvatine,
2014). Reductions in pH have been linked with increased production of trans-10, cis-12
CLA, but in the present experiment pH was increased with HDS. Therefore, this suggests
that low pH is not exclusive in the onset of the production of this CLA isomer, thus,
confirming previous observations. Much of the literature reports reductions in milk fat
with feed sources of high ShD. For example, Ferraretto et al. (2013) summarized the
effects of corn grain harvesting and processing on dairy cow performance and found that
high moisture ear corn or steam flaked corn reduced milk fat percentage as compared to
dry rolled corn (3.59% vs 3.41-3.48%). This reduction in milk fat is likely a response of
increased production of trans-10, cis-12 CLA.
Another possible explanation for the observed increase in pH with HDS could be
due to increased engulfment of starch granules by protozoa. It has been observed that
protozoa do not only sequester starch, but also convert it to storage carbohydrates more
extensively than bacteria, giving protozoa a competitive advantage in their ability to
stabilize fermentation (Denton et al., 2015). Populations of Entodinium spp., which have
a preferred substrate of starch, were increased with HDS (P < 0.01; Table 7), supporting
this theory (Nagaraja and Titgemeyer, 2007). Total protozoa were greater with HDS
treatments (P = 0.04), indicating a greater proliferation of protozoal populations with
diets of high ShD. Many continuous culture experiments have reported lower numbers of
protozoa (Hino et al., 1993) as compared to what is traditionally found in vivo (Hungate,
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1966). On average, it has been observed that protozoa populations after 7 d incubation in
vitro typically account for 13-19% of the total protozoa in vivo (Slyter and Putnam,
1967). Some of the reasons for the failure of continuous culture systems to maintain
protozoa have been attributed to conditions such as fast stirring and dilution rates and
inability of protozoa to attach to anything in the culture. In the present study protozoal
populations were maintained at 104, which is lower than many in vivo investigations have
observed, but is much greater than the value reported by Slyter and Putnam (1967).
Protozoa have been reported to potentially be a source of PUFA, CLA, and trans-11
C18:1 (Harfoot and Hazlewood, 1997), but it is more likely that protozoa indirectly slow
BH by maintaining an intracellular pool of FA that is unavailable to bacteria responsible
for rumen BH (Martel et al., 2011). This is consistent with our findings of reduced BH
and increased total protozoa with the HDS treatments. The influence of ShD on protozoal
populations, FA outflow, and ruminal fermentation suggest ShD may play an important
role in the production of milk fat inhibiting isomers and potential onset of milk fat
depression.
Sugar Effect
The apparent digestibility coefficients for NDF, ADF, OM, and DM are detailed
in Table 3. No measures of digestibility were altered by sugar addition, suggesting that
substituting starch with sucrose, lactose or a combination of these disaccharides (mostly
sucrose) have similar dC. Effects of sugar on nutrient dC are variable (Oba, 2011). Heldt
et al. (1999) reported an increase in NDF dC with sugar supplementation, but Broderick
et al (2008) observed a tendency for a quadratic decrease in NDF dC. Reductions in NDF
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digestion are most likely due to the level of sugar added in the ration, with some
investigations showing a decline in digestibility after the dietary sugar level surpasses 9%
(Gao and Oba, 2016). However, some reports have shown that rumen or culture pH may
be increased with addition of some sugars, which aids in the proliferation of cellulolytic
bacterial populations responsible for the digestion of fibrous components (Martel et al.,
2011; Sun et al., 2015). Furthermore, these bacterial populations are thought to be
primarily responsible for the ruminal BH of FA, and therefore the possibility exists that
an increase in these microbial species may enhance BH with the supplementation of
lactose or sucrose (Harfoot and Hazelwood, 1997).
Volatile fatty acids, pH, and lactate are shown in Table 4. Overall, total VFA was
decreased with sugar (C vs All sugars; P = 0.03). Contrast probabilities for S vs. L were
significant for total VFA, exhibiting a lower total VFA for L when compared to S.
Additionally, the total VFA concentration for individual sugars were greater when
compared to the combination of sugars (L,S vs L + S; P < 0.01). The combination of
sugars, L + S, exhibited greater (P < 0.01) propionate concentrations when compared to
individual sugars, however propionate was reduced when compared to C. Acetate was
increased with sugar addition overall (C vs All sugars; P = 0.01) and the individual sugar
L was greater when compared to S alone. The overall reduction in propionate with the
main effect of sugar is reflected in the A:P. Reductions in propionate are consistent with
results obtained when sugar partially replaced dietary starch (Heldt et al., 1999). An
increase in butyrate when feeding sugars is commonly reported in the literature and is
often a characteristic effect observed in these type of studies (Oba, 2011). However, some
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studies report no change in butyrate, and that caution must be exercised when interpreting
the results as butyrate production is not the same as butyrate concentration (Oba, 2011).
Furthermore, changes in butyrate have been reported in vitro (Ribiero et al., 2005), but
often in vivo studies are unable to replicate this finding (Oba, 2011). In the present study
there was an increase in butyrate concentrations with added sugar (C vs All sugars; P <
0.01), but there were no differences between individual sugars or a combination of
sugars. This is of interest in relation to FA metabolism because Butyrivibrio fibrisolvens,
a major producer of butyrate, has been reported as one of the major species involved in
the intermediary step in BH where vaccenic acid is formed from CLA (Maia et al., 2010).
An increase in butyrate may be an effect of increased proliferation of Butyrivibrio or
Pseudobutyrivibrio populations within the culture. The higher butyrate concentration
seen in the present study could be also be due to changes in fermentation pathways to
accommodate the higher flux of hydrogen from the rapidly fermented sugar source or the
synthesis from lactate by Megasphaera elsdenii (Piwonka and Firkins, 1996; Klieve et
al., 2003). This explanation is consistent with the greater total lactate concentrations
observed with L,S vs L + S (Table 4; P = 0.02).
The mean pH of the cultures fed S had a greater pH when compared to L (P =
0.04; Table 4). Sucrose-fed cultures also spent a less amount of time below pH 6 when
compared to L (S vs L; P 0.03). Sucrose and lactose are similar in that they are
disaccharides that contain glucose, but the main differentiation between the two is that
sucrose contains fructose, and lactose is composed of galactose. This may explain some
of the observed differences between S and L. Sucrose has been reported to ferment faster
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than lactose in the rumen, but with this effect it would be logical to expect a drop in pH.
However, the hydrolysis and subsequent disappearance of carbohydrates in the rumen
may not directly result in fermentation to VFA, but instead OM may be converted to
microbial N (Penner and Oba, 2009). This explanation may account for why sucrose
results in a greater pH when compared to L, but effects on microbial N were not
measured. When observing contrast probabilities for individual sugars versus the
combination, L and S had a greater pH when compared to a combination of L + S (P <
0.01). Diurnal pH was different at hours 2, 3, and 15 post-feeding (P < 0.05; Figure 2). In
addition, the combination of sugars, L + S, resulted in a greater amount of time below pH
6. However, this response is likely more of a function of the sugar level (9%) instead of
the specific sugar supplied. Due to the rapid degradation of sugars in the rumen, pH is
expected to drop as sugar is added. However, there are some reports that when starch is
partially replaced with sugar the rumen pH increases or is not affected (Broderick et al.,
2008; Martel et al., 2011; Chibisa et al., 2015). The increase in pH may be attributed to a
decreased supply of carbon compared to starch, a greater production of microbial mass,
or storage of glycogen by microbiota (Oba, 2011).
Daily outflow of saturated FA C12 and C14 were greater for the combination of
sugars (L + S) than the individual sugars S or L alone (P = 0.02). Sun et al. (2015)
reported a quadratic increase in C14:0 when sucrose replaced corn starch up to 9% of the
diet DM, supporting our observations that at a higher level of the diet DM (L + S), sugar
inclusion may increase medium chain FA outflow such as C14:0. There was an overall
increase in the daily outflow of C20:0 for all sugars as compared to C (C vs All sugars; P
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= 0.01). Outflow of the unsaturated FA’s C18:1 and C18:2 tended to be greater (P = 0.07)
for L and S as compared to L + S (P = 0.07). Biohydrogenation rates of C18:2 and C18:3
were increased (P = 0.03) with the combination of sugar (L + S) compared to L and S.
However, there was an observed interaction of ShD x sugar for BH of C18:3. Moreover,
BH rate of C18:2 was lower (P = 0.03) for S and L when compared to the sugar
combination L + S, indicating a decrease in completion of the biohydrogenation pathway
to stearate. This is consistent with the greater outflow of 18:2 seen with S and L. Sun et
al. (2015) reported an inhibition of the trans-10 BH pathway with sucrose
supplementation in vitro, but also observed a decrease in BH of C18:2 with sucrose, a
finding that corroborates with this study. A similar observation was reported by Ribiero
et al. (2005), and raises the question as to why an increase in BH in the normal pathway
would not proliferate in these conditions. A possibility exists that bacterial populations
that are responsible for the isomerization or hydrogenation of C18:2 may be altered
during sucrose supplementation.
Outflow of major FA isomers are shown in Table 6. Total trans C18:1, trans-9
C18:1, trans-10 C18:1, and trans-12 C18:1 outflow were not affected by sugar. Trans-11
C18:1 was reduced with sugar addition overall (C vs All sugars; P = 0.03). Outflow of
cis-9, trans-11 CLA was decreased (C vs All sugars; P = 0.02) and total CLA outflow
tended to be reduced with overall sugar addition (C vs All sugars; P = 0.08). Outflow of
trans-10, cis-12 CLA when expressed as mg/d was not altered by sugar addition.
However, when expressed as a ratio, cis-9, trans-11 CLA was reduced and trans-10, cis12 CLA was increased with all sugars as compared to C (P = 0.01). Despite the daily
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outflow of trans-10, cis-12 CLA being unaltered by sugar supplementation, it appears
that the proportions of trans-10, cis-12 CLA and cis-9, trans-11 CLA are shifted to favor
a greater portion of trans-10, cis-12 CLA with sugar addition to the cultures. This
increase in the proportion of trans-10, cis-12 is likely caused by the reduction observed in
cis-9, trans-11 CLA outflow with sugar addition (C vs All sugars; P = 0.02). The drop in
cis-9, trans-11 CLA with S, L, and L + S, suggests that bacterial populations for the
initial step of isomerization of all cis C18:2 may be reduced or their activity inhibited.
Martel et al. (2011) reported a decrease in trans-10 C18:1 yield when cows were fed
dietary molasses, but this positive response was not observed in the present study. This
could be attributed to the sugar source, molasses, which contains a high amount of sugar
that is predominantly sucrose. On the other hand, addition of pure sucrose or lactose to
cultures with and already high RUFAL may not be enough to attenuate a reduction in the
accumulation of MFI. The variable responses seen with sucrose and lactose are likely due
to their similar, yet unique compositions and fermentation rates in the rumen. Sucrose has
been reported to ferment (1200-1404%/h-1) in the rumen at a much faster rate than lactose
(240%/h-1; Weisbjerg et al., 1998). In addition Sutton (1968) reported that fructose and
glucose ferment faster than galactose. These differences in rate of fermentation of each
sugar type may contribute to the outflow of FA isomers due to their availability to rumen
microbes for fermentation and proliferation of bacterial species involved in BH. Although
trans-10 was not increased with any of the sugar treatments, there was an enhancement of
trans-10, cis-12 CLA expressed as a ratio when any sugar was added to the culture (P =
0.01; Table 7). When considering diets with a high RUFAL, addition of pure L, S, or a
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combination of L + S does not seem to improve conditions that may result in the onset of
MFD. Differences between monosaccharide contributions from fructose and galactose,
their interaction with other nutrients, and impacts on microbial populations are a likely
causes of the responses seen in the present study. Further work is needed to determine
how microbial populations changes in response to specific monosaccharide feeding in
continuous cultures with a high RUFAL.
Protozoal populations and methane production are shown in Table 7. Total protozoa
counts were increased with sugar addition when compared to C (C vs All sugars; P <
0.01), and a similar effect was also observed for populations of Dasytricha spp., Isotricha
spp, and Orphryoscholex spp. There was also a tendency for Diplodinium spp. to be
increased with sugar (C vs All sugars; P = 0.07). In addition, there was a greater amount
of Entodinium spp. in the cultures with S addition when compared to L (S vs L; P =
0.02). It is likely that the increase in total protozoa with sugar addition is modulated
mainly by Entodinium spp., as it represents the greatest proportion of protozoal genera
present in the rumen (Dehority, 1993). This response suggests an increased proliferation
of sugar-utilizing protozoa populations when sugar is added to the cultures. Oelker et al.
(2009) reported an increase in Entodinium with molasses, thus, confirming our findings.
Additionally, soluble sugars have been reported to be the main carbohydrate substrate for
holotrich protozoa, so it is logical that we would see increases in some populations in the
present study (Van Soest, 1994). Although it is commonly observed that protozoal
populations are reduced in continuous culture systems, the amount of total protozoa were
in the 104 quantity. This maintenance of adequate protozoal densities is thought to be a
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characteristic of the high sugar and degradable starch in the culture. Further,
modifications to the continuous culture system helped in enhancing the retention of
protozoa. It has been observed in our system that the protozoa are captured in a cavity
where the overflow port and overflow port on the fermentation vessel meet, which is
where some feed particles also get captured. Changes in protozoal populations are an
interesting finding in that they have been associated to play an indirect role in BH
(Harfoot and Hazlewood, 1997). Protozoa do not appear to synthesize isomers from
linoleic acid, but possibly incorporate unsaturated FA or partially biohydrogenated FA
into their structure and by doing so may influence the FA available for BH and affect the
populations of biohydrogenating bacteria (Oelker et al., 2009; Martel et al., 2011).
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CONCLUSIONS
Replacing a portion of the starch with S, L, or S + L in continuous cultures with a
high RUFAL elicited multiple effects including alterations in culture pH, protozoal
populations, and outflow of isomers associated with MFD. Increased ShD reduced the
biohydrogenation of C18:2 and C18:3 and increased the accumulation of some isomers
associated with MFD, such as trans-10, cis-12 CLA when expressed as ratio with cis-9,
trans-11 CLA. Although an increase in pH was observed for HDS, the increase in pH
alone was not enough to overcome the shift to the alternate biohydrogenation pathway
and increased production of trans-10, cis-12 CLA expressed ratio. Ruminal pH is often
regarded as a driving factor for the shift in ruminal BH pathways and development of
MFD. However, the current study suggests that rumen pH and MFI are mutually
exclusive in that we saw a rise in pH but production of MFI still persisted. In addition,
adding sugar resulted in a greater proportion of trans-10, cis-12 CLA when expressed as
a percent of the total CLA, which a key finding for this experiment. It was surprising to
observe that although pH was increased with high ShD treatments as well as S, there was
no reduction in trans-10, cis-12 CLA, which is contrary to our original hypothesis. It is
possible that increase rate and extent of carbohydrate availability to ruminal microbiota
may have an impact on BH intermediates and FA flow due to the proliferation of certain
biohydrogenating bacteria. For diets with high starch degradability and RUFAL caution
must be exercised when incorporating sugars at a higher level in the diet, as this may
increase the risk for MFD.
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Table 1. Diet composition and nutrient composition of continuous culture fermenters receiving a low (LDS) or high (HDS)
degradable starch diet and no added sugar (C), lactose (L), sucrose (S), or a combination of lactose and sucrose (L + S).
TREATMENT
LDS
Diet Ingredient, % DM
Alfalfa pellets
Ground hay
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Processed corn
Ground corn
Corn starch
Casein
Soybean meal
Soybean oil
Corn oil
Sucrose
Lactose
Nutrient Composition
DMa
CP, % DMa
RDP, % of CPb
RUP, % of CPb
NDF, % DMa
ADF, % DMa
Sugar, % DMa
Starch, % DMa
NFC, %
Fat, % DMa
7 h Starch Kda
aAnalysis
bRumen

HDS

21.2
18.7

21.2
18.7

L+S
21.2
18.7

45.4
0.2
11.9
2.6
-

42.3
0.2
12.5
2.8
-

42.3
0.2
12.5
2.8
-

-

2.3

91.6
16.8
61.13
38.87
26.8
17.3
4.9
33.3
44.9
5.94
66.5

91.5
16.6
61.37
38.63
27.4
18.4
7.0
30.9
45.0
5.95
69.2

C
21.2
18.7

L

21.2
18.7

21.2
18.7

21.2
18.7

L+S
21.2
18.7

39.2
2.3
2.6
8.6
2.6
-

41.0
2.3
0.8
13.0
2.2
0.8

38.8
2.2
1.4
12.5
2.0
0.9

38.8
2.2
1.4
12.5
2.0
0.9

36.4
3.9
4.5
7.5
2.2
0.8

2.3
-

2.4
2.4

-

2.3

2.3
-

2.4
2.4

91.3
16.9
61.37
38.63
28.2
18.1
6.8
29.6
45.1
5.74
72.9

91.5
17.0
60.19
39.81
27.1
17.8
9.0
30.2
45.5
5.28
66

93.7
17.1
61.53
38.47
26.2
18.2
5.0
30.6
44.9
5.9
87.8

93.5
17.1
61.40
38.60
25.4
16.7
7.2
33.2
45.0
5.38
90.1

93.7
16.9
61.40
38.60
26.5
18.0
7.1
30.2
45.0
5.52
90.0

93.7
16.6
59.83
40.17
24.8
17.3
9.1
30.5
46.0
5.31
89.8

S

C

L

of individual ingredients conducted by Cumberland Valley Analytical Services, Waynesboro, PA.
degradable and undegradable protein calculated as predicted by NRC, 2001.

S
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Table 2. Fatty acid profile of basal diets fed to continuous fermenters continuous culture
fermenters receiving a low (LDS) or high (HDS) degradable starch diet and no added
sugar (C), lactose (L), sucrose (S), or a combination of lactose and sucrose (L + S).
TREATMENT
S
L+S
Fatty Acid, mg/g
C
L
12:0
LDS
0.38
0.34
0.34
0.39
HDS
0.36
0.33
0.37
0.40
14:0
LDS
0.26
0.21
0.19
0.26
HDS
0.26
0.20
0.24
0.22
16:0
LDS
16.38
16.99
15.56
16.56
HDS
17.32
16.62
16.94
14.65
18:0
LDS
3.97
4.09
3.69
4.15
HDS
3.55
3.24
3.27
3.14
18:1
LDS
20.78
20.35
20.37
20.03
HDS
20.71
20.34
19.97
20.56
18:2
LDS
46.34
45.87
48.18
45.94
HDS
47.20
47.93
47.26
50.07
20:2
LDS
0.11
0.12
0.12
0.17
HDS
0.13
0.15
0.11
0.12
18:3
LDS
7.48
7.08
7.70
7.81
HDS
5.50
6.47
6.56
7.55
22:0
LDS
0.36
0.39
0.35
0.43
HDS
0.39
0.36
0.33
0.35
20:4
LDS
1.54
1.92
1.15
1.63
HDS
2.09
1.93
2.28
0.63
24:0
LDS
0.25
0.25
0.23
0.31
HDS
0.24
0.22
0.21
0.19
22:2
LDS
0.24
0.23
0.15
0.19
HDS
0.17
0.32
0.25
0.15
Total
LDS
36.78
32.37
37.70
31.08
HDS
33.65
31.97
32.50
34.44
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Table 3. Digestibility coefficients of nutrients in continuous culture fermenters receiving a low (LDS) or high (HDS)
degradable starch diet and no added sugar (C), lactose (L), sucrose (S), or a combination of lactose and sucrose (L + S).
TREATMENT
Item
DM
OM
NDF
ADF
Starch

LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS

C
58.58
57.86
60.44
61.50
64.47
60.01
49.80
50.38
90.23
93.96

L
55.54
55.95
62.21
62.75
62.94
63.12
52.85
51.21
89.55
94.35

S
58.67
57.29
61.08
61.21
63.66
64.81
50.7
53.70
88.96
93.89

P-VALUE
L+S
59.47
57.69
60.20
59.32
63.67
58.68
54.23
50.27
89.93
94.05

CONTRAST, P-VALUE

SEM
3.99

STARCH
0.22

C vs All Sugars
0.64

S vs L
0.14

L, S vs L + S
0.14

3.89

0.19

0.91

0.85

0.11

1.84

0.13

0.70

0.52

0.14

1.96

0.79

0.23

0.96

0.88

1.15

<0.01

0.64

0.65

0.53
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Table 4. Volatile fatty acids, pH, and lactate production in culture contents of continuous culture fermenters receiving a low
(LDS) or high (HDS) degradable starch diet and no added sugar (C), lactose (L), sucrose (S), or a combination of lactose and
sucrose (L + S).
TREATMENT
Item
Total, mM
Acetate, mol/100 mol
Propionate, mol/100 mol
Butyrate, mol/100 mol
Valerate, mol/100 mol
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Isobutyrate, mol/100 mol
Isoacids, mol/100 mol
A:P
pH
Time below pH 6, h
Maximum pH1
Nadir pH2
NH3-N, mg/dL
Total Lactate, mM
1
2

Sugar x Starch P = 0.09
Sugar x Starch P < 0.01

LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS

P-VALUE

C

L

S

L+S

SEM

62.94
68.84
56.12
56.59
25.73
25.95
12.29
12.40
3.20
2.70
0.66
0.57
1.96
1.76
2.32
2.32
6.50
6.72
5.47
0.20
7.16
7.37
5.60
6.15
7.77
7.52
7.41
6.10

61.10
67.83
58.38
58.38
22.15
22.34
12.89
12.86
3.76
3.24
0.79
0.68
2.00
1.81
2.69
2.60
6.29
6.91
5.97
0.13
7.03
7.22
5.66
5.96
10.69
10.95
7.90
7.98

64.27
68.84
57.67
57.90
22.79
22.89
13.60
13.66
3.31
3.16
0.66
0.62
1.93
1.74
2.54
2.50
6.47
6.87
3.24
0.91
7.33
7.18
5.75
5.92
10.37
10.67
8.70
8.88

58.48
64.91
55.24
55.77
24.09
24.31
14.17
14.29
3.67
3.09
0.72
0.65
2.10
1.86
2.30
2.33
6.33
6.73
4.61
2.77
7.15
6.73
5.71
5.82
11.39
12.23
8.40
7.96

3.13

STARCH

CONTRAST, P-VALUE
C vs All Sugars

S vs L

L,S vs L + S

<0.01

0.03

<0.01

<0.01

0.46

0.19

0.01

<0.01

0.47

0.35

0.46

<0.01

0.09

<0.01

0.30

0.74

<0.01

0.11

0.91

0.21

<0.01

<0.01

0.03

0.90

0.06

<0.01

0.04

0.68

0.23

0.16

<0.01

0.69

0.01

0.58

0.05

0.99

<0.01

0.01

<0.01

0.02

<0.01

0.67

0.04

<0.01

0.45

<0.01

0.41

0.03

<0.01

0.16

0.64

0.23

0.44

0.05

0.04

<0.01

0.07

0.55

0.19

0.99

0.32

<0.01

0.47

<0.01

0.74

0.43

0.57

0.14

0.02

Table 5. Daily outflow of major saturated and unsaturated fatty acids in continuous culture fermenters receiving a low (LDS)
or high (HDS) degradable starch diet and no added sugar (C), lactose (L), sucrose (S), or a combination of lactose and sucrose
(L + S).
TREATMENT
Item, mg/d
Saturated
C12

C

L

S

P-VALUE
L+S

CONTRASTS, P-VALUE

STARCH

C vs All Sugars

S vs L

L, S, vs L + S

0.57

0.09

0.15

0.55

<0.01

1.63

<0.01

0.16

0.58

0.02

28.80

0.07

0.36

0.45

0.09

36.73

0.56

0.89

0.49

0.72

3.48

0.17

0.01

0.28

0.24

0.79

<0.01

0.04

0.59

0.21

0.52

<0.01

0.32

0.58

0.22

64.58

0.78

0.99

0.35

0.49

LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS

4.02
3.64
10.34
6.68
314.55
306.58
191.18
189.77
21.40
24.54
8.76
7.18
5.19
4.55
555.43
542.94

3.98
3.64
10.59
6.75
307.03
315.90
218.68
195.33
30.59
27.39
8.09
6.18
5.11
3.72
584.07
560.56

4.10
4.02
11.55
6.95
288.77
315.23
188.23
184.60
29.64
23.43
7.81
6.61
5.05
4.12
535.15
544.96

5.25
4.73
13.60
8.15
277.81
302.82
196.59
179.14
30.88
29.02
7.06
6.61
5.06
4.61
536.25
535.09

LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS

361.28
351.99
573.38
653.86
89.34
69.76
1024.00
1075.60

378.62
368.48
655.88
736.88
96.22
96.61
1130.71
1201.98

343.51
369.97
576.59
720.81
84.93
92.25
1005.01
1183.04

319.66
358.98
536.29
686.66
79.36
89.32
935.58
1134.96

29.54

0.24

0.99

0.39

0.07

52.82

<0.01

0.28

0.33

0.07

6.51

0.80

0.02

0.19

0.04

87.67

<0.01

0.36

0.33

0.06

Biohydrogenation*, %
18:2
LDS
HDS
18:3
LDS
HDS

77.49
75.32
78.27
77.43

73.95
72.59
75.24
73.38

78.15
72.87
79.87
74.98

78.73
75.61
81.42
78.97

1.93

<0.01

0.41

0.23

0.03

1.62

<0.01

0.56

0.04

<0.01

C14
C16
C18
C20
C22
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SEM

C24
Total
Unsaturated
18:1
18:2
18:3
Total

*Expressed as milligrams of input – milligrams of outflow/milligrams of input for 18:2 and for 18:3.

Table 6. Daily outflow of major biohydrogenation intermediates in continuous culture fermenters receiving a low (LDS) or
high (HDS) degradable starch diet and no added sugar (C), lactose (L), sucrose (S), or a combination of lactose and sucrose (L
+ S).
TREATMENT
Outflow, mg/d
Total trans 18:1
trans 9
trans 10
trans 11
trans 12
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cis-9, trans-11
trans-10, cis-12
Total CLA
Ratios
cis-9, trans-11
to trans-10, cis12
trans-10, cis-12
to cis-9, trans11

C

L

S

LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS

510.26
567.26
7.37
8.87
406.87
502.65
86.73
44.53
9.29
11.21
7.63
2.74
14.76
12.45
22.39
15.19

520.74
533.67
9.71
7.87
456.27
482.63
46.62
31.07
8.14
12.10
2.02
1.64
13.75
15.55
15.77
17.19

LDS

0.21

HDS

P-VALUE
L+S

SEM

542.67
503.88
6.75
6.04
487.96
449.57
38.63
38.86
9.33
10.41
1.41
1.06
11.50
12.44
12.91
13.11

527.33
502.50
8.44
7.60
467.98
459.41
42.63
24.74
8.28
10.76
1.44
1.03
8.21
13.07
9.65
14.10

82.06

0.11

0.14

0.21

0.21

0.11

0.08

0.07

LDS

3.58

10.02

9.22

12.20

HDS

6.32

11.09

12.80

27.83

STARCH

CONTRASTS, P-VALUE
C vs All Sugars

S vs L

L, S vs L + S

0.95

0.67

0.95

0.79

3.37

0.82

0.87

0.42

0.87

74.66

0.50

0.74

0.99

0.88

16.24

0.08

0.03

0.99

0.68

1.42

<0.01

0.65

0.82

0.62

1.80

0.24

0.02

0.74

0.85

2.06

0.35

0.41

0.13

0.12

3.56

0.91

0.08

0.31

0.33

0.08

0.07

0.01

0.76

0.86

5.63

0.17

0.07

0.08

0.94

Table 7. Protozoal populations, methane production, and ammonia in continuous culture fermenters receiving a low (LDS) or
high (HDS) degradable starch diet and no added sugar (C), lactose (L), sucrose (S), or a combination of lactose and sucrose (L
+ S).
TREATMENT
Item, 104 / mL
Entodinium spp.
Epidinium spp.
Diplodinium spp.
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Isotricha spp.
Dasytricha spp.
Orphryoscholex spp.
Total Protozoa
Methane, mmol/d

LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS

P-VALUE

C

L

S

L +S

27.82
36.31
0.69
0.80
1.20
0.92
0.40
0.45
0.87
0.77
0.27
0.39
23.56
16.46
31.33
31.41

32.61
31.52
0.77
0.77
1.12
1.23
0.70
0.77
1.09
1.12
0.60
0.87
24.11
31.10
30.31
30.90

36.70
37.67
0.65
0.64
1.44
1.19
0.55
0.68
0.99
1.05
0.57
0.78
22.82
25.66
30.66
30.90

27.90
37.94
0.89
0.82
1.22
1.47
0.67
0.67
1.10
1.07
0.67
0.75
21.34
24.77
30.79
30.81

SEM

STARCH

CONTRASTS, P-VALUE
C vs All Sugars

S vs L

L, S vs L + S

3.62

<0.01

0.18

0.02

0.22

1.49

0.96

0.91

0.25

0.42

1.55

0.69

0.07

0.42

0.43

0.87

0.23

<0.01

0.18

0.86

1.52

0.93

0.04

0.57

0.84

0.98

0.02

<0.01

0.55

0.88

12.45

0.04

<0.01

0.02

0.01

1.34

0.21

<0.01

0.51

0.63

7.7
7.5
7.3
7.1

pH

6.9
6.7
6.5
6.3
6.1
5.9
5.7
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Hours Postfeeding
HDS

LDS

Figure 1. Diurnal pH for continuous cultures fed diets with high (HDS) or low (LDS)
starch degradability.
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Figure 2. Diurnal pH for continuous cultures fed diets with no sugar (C), sucrose (S),
lactose (L), or a combination of lactose and sucrose (L + S).
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CHAPTER 4: REPLACING HIGHLY DEGRADABLE STARCH WITH
SOLUBLE FIBER REDUCES THE ACCUMULATION OF TRANS-10 C18:1 IN
CONTINUOUS CULTURE FERMENTERS WITH A BASAL LEVEL OF
SOYBEAN OIL
ABSTRACT
Evaluation of starch degradability (ShD) instead of just starch level in a ration has
become a better predictive variable of the biological value of a ration. Starch with high
rates of degradability may lead to a decrease in ruminal pH and subsequent alterations in
rumen biohydrogenation. Substituting soluble fiber for starch can yield different
fermentation patterns yet still provide similar energy to the animal without compromising
performance. To date, little is known about how starch degradability and soluble fiber
interact when fed to continuous cultures with a basal fat level. We hypothesized that
replacing starch with a source high in soluble fiber will improve fermentation and flow of
biohydrogenation intermediates when added to a diet with a high potential for the
accumulation of milk fat inhibiting isomers. The objective of this study was to determine
the effects of replacing starch with beet pulp in high or low starch degradable diets with a
basal soybean oil level on biohydrogenation, digestibility, and rumen fermentation in
continuous culture fermenters. Treatments included two levels of starch degradability,
high (HDS) and low (LDS), and four levels of soluble fiber (SF), low (LOW), medium
low (MEDLOW), medium high (MEDHIGH), and high (HIGH). Continuous culture
fermenters were randomly assigned to treatments in a 2 x 4 factorial design and ran for
four 10 d periods with new inoculum used at the start of each period. Data were analyzed
using the MIXED procedure of SAS with repeated measures in a model including the
fixed effects of treatment and period as fixed effects and fermenter as a random factor.
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Digestibility coefficients (dC) for NDF and ADF were unaffected by starch or SF
inclusion in the diet. The mean pH did not differ with ShD but a linear decrease in pH
was observed with SF addition. Starch degradability did not affect outflow of C18:2 or
C18:3, but significantly decreased trans-12 C18:1 outflow and increased trans-10, cis-12
CLA with HDS. Addition of SF linearly decreased total trans C18:1 and trans-10 C18:1,
exhibiting a positive effect on the culture. The results of this study suggest that replacing
starch with SF can alter the outflow of biohydrogenation intermediates, particularly
trans-10 C18:1, suggesting a possible positive effect on the culture in situations with a
high risk for milk fat depression. However, pH was linearly decreased as SF replaced a
portion of the corn, indicating that nutrient synchronization may have been disrupted with
too high of an inclusion of beet pulp. Additionally, these results indicate that nutrient
interactions between SF and starch should be taken into consideration when evaluating
rations.
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INTRODUCTION
Fat is the most variable component within milk and is highly sensitive to changes
within the diet (Shingfield and Griinari, 2007). The onset of diet-induced milk fat
depression (MFD) is considered a multivariate problem, but is mainly caused by the
production of specific fatty acid isomers and their downstream effects on mammary
enzymes responsible for milk fat production (Jenkins and Harvatine, 2014). The addition
of soybean oil as a source of unsaturated fatty acids (PUFA) to lactating cow diets has
been shown to cause a concordant drop in milk fat (Rico et al., 2015). However, recent
interest in the specific interactions of PUFA and other dietary factors such as diet
fermentability (dietary fiber concentrations) and starch degradability (ShD) have been
investigated (Rico et al., 2015; Lascano et al., 2016). Provision of a high rumen
unsaturated fatty acid load (RUFAL) a major cause of MFD, and diets with ShD can
exacerbate the production of trans-10, cis-12 CLA (Lascano et al., 2016). Evaluation of
the starch level in the diet has been extensively reported due to acidosis concerns
(Chibisa et al., 2015), but only recently has the ShD gained attention with respect to
MFD. Oba and Allen (2003) reported a 15% reduction in milk fat with high moisture
corn when compared to dry ground corn. Additionally, Lascano et al. (2016) reported
starch with high rates of degradability in continuous cultures caused a shift in
intermediates that favored trans-10, cis-12 CLA, but that increasing the fat level had
more of an effect on the CLA shift overall.
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Altering the proportion of neutral detergent soluble fiber (NDSF) within the diet
can also alter the production of these milk fat inhibitors. Pectin is the one of the main
components of the NDSF, and is a readily available source for microbial fermentation
that yields little to no lactate and a higher acetate to propionate ratio (Hall et al., 1998;
Hall et al., 1999). Furthermore, research on the replacement of a portion of the starch
with feeds of greater pectin content has seen variable results. Some studies have observed
increased intake (Lees et al., 1990), decreased or no effect on milk yield (Leiva et al.,
2000), and increase milk fat percentage (Lees et al., 1990; Mansfield et al., 1994).
Voelker and Allen (2003a) substituted increasing amounts of beet pulp for high moisture
corn and observed a linear increase in milk fat yield up to 12% beet pulp inclusion in the
diet. Beet pulp is rich in pectinic substances, and although pectin is rapidly degraded in
the rumen little lactate is produced and pH is stabilized (Munnich et al., 2017). However,
it remains unclear how the addition of soluble fiber to diets with a basal soybean oil level
will alter fermentation of fatty acids in continuous culture when combined with corn that
has a high starch degradability. Although little reports exist on the effect of beet pulp
inclusion in a milk fat depression type of diet, some have observed a lower concentration
of trans-10, cis-12 CLA in cows fed sugar beet pulp (Renna et al., 2010).
The objectives of this experiment were to determine the effects of diets with corn
of high starch degradability with increasing levels of beet pulp as a source of soluble
fiber in continuous cultures fed high oil diets. We hypothesized that the addition of
soluble fiber in the form of beet pulp will result in improved rumen fermentation,
increased pH, and decreased production of trans fatty acids.
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MATERIALS AND METHODS
Treatments
Diets were arranged in a 2 × 4 factorial design consisting of eight experimental
diets fed to eight dual-flow continuous culture fermenters. Fermenters were run in 4
replicated periods of 10 d, 7 d for adaptation and 3 d for sample collection. Each period
was started with a clean fermenter and inoculated with fresh ruminal contents.
Fermenters were randomly assigned to 8 continuous culture fermenters and fed 55 g/d
DM basis (40:60 forage:concentrate; Table 1) split into two equal feedings at 0800 and
2000 h. Treatments included two levels of ShD, high (HDS; ~75% 7 h ShD) and low
(LDS; ~60% 7 h ShD), and four levels of soluble fiber (SF), low (LOW; 5% SF),
medium low (MEDLOW; 9% SF), medium high (MEDHIGH; 13% SF), and high
(HIGH; 16% SF). Starch degradability was modified by utilizing ground corn for LDS
(44.3% 7 h ShD) and a processed corn for HDS (75.3% 7 h ShD). The supplier of the
processed corn indicated that the product underwent proprietary heat and pressure
treatments to alter the prolamine protein structure, which eliminated the crystalline and
hydrophobic properties of the vitreous unprocessed corn that limit starch availability.
Beet pulp was added by replacing a portion of the starch and the inclusion level was
determined when the target level of SF was achieved. Beet pulp inclusion in the diets was
0, 13, 27, and 36.9% DM.
Culture Conditions
All surgical and animal care protocols were approved by the Clemson University
Animal Care and Use Committee. Whole ruminal contents were collected from two
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rumen-fistulated cows fed a 50:50 forage to concentrate diet (40.3% NDF, 15.3% CP,
22.1% starch, 4.4% total FA) just prior to the morning feeding and strained through twolayers of cheesecloth into a pre-warmed insulated container. Rumen fluid from both cows
was combined and purged with CO2 until inoculation. The filtered rumen fluid was
combined with buffer in a 1:1 ratio according to the methods of (Slyter et al., 1966).
Twenty minutes prior to addition of rumen fluid, the fermenters were purged with CO2,
then approximately 900 mL of diluted inoculum was added to each dual-flow fermenter.
The time the rumen contents were collected to dilution and addition to the fermenters did
not exceed 30 min. Fermenter design and operation was based and modified from a
previous model reported by Teather and Sauer (1988). Modifications include the use of
an overflow sidearm that angled downward at approximately 45o to facilitate emptying, a
faster stirring rate (45 rpm) that still allowed stratification of particles into an upper mat,
a middle liquid layer of small feed particles, and a lower layer of dense particles. In
addition, a higher feeding rate (60 g/d as-fed; 30 g per feeding) was utilized. The cultures
were maintained for a total of 10 d, 7 d for adaptation and 3 d for sampling (Lascano et
al., 2016). Duration of adaptation was selected at 7 d in order to obtain a steady-state of
fermentation in the cultures. It has been reported that an adaptation duration of 5 d is
necessary to fully adapt the cultures (Fuentes et al., 2009)
Buffer solution used to dilute the inoculum (Slyter, 1966) in a 1:1 ratio and was
delivered continuously using a peristaltic pump to achieve a 10%/h liquid fractional
dilution rate and 5%/h solid dilution rate. The buffer solution was selected based on
previous works in our lab and included a greater level of NaHCO3 to maintain pH. Each
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fermenter was continuously purged with CO2 at a rate of 20 mL/min to maintain
anaerobic conditions and gas flow rates were checked before the morning and evening
feeding to ensure consistency. The temperature of the fermenters was held at 39°C by a
recirculating water bath.
Culture pH was monitored every 20 min during the experiment using installed pH
probes (Broadley James, Irvine, CA). Each continuous probe was calibrated at the start of
the period and validated daily with a handheld probe to ensure accuracy. The DM of the
cultures and effluent were monitored daily. On d 10 of each period, a 4-mL sample of
culture contents was taken at 0 (just prior to feeding), 2, 4, 6, 8, 10, and 12 h for VFA,
lactate, and ammonia analysis in order to obtain a complete profile of each feeding cycle.
Culture contents were mixed thoroughly (160 rpm) before pH readings or sampling. On d
8, 9, and 10 of each period, overflow effluent from each fermenter was collected in a 2-L
Erlenmeyer flask kept covered in an ice bath. The total volume was recorded, and a 20%
aliquot of the effluent was collected, transferred to a common container for that
fermenter, and immediately frozen. Composited effluent samples were later thawed,
sampled while homogenizing with a stir bar, with the subsample later lyophilized.
Sample Analysis
Feed samples and lyophilized effluent samples were ground using a Wiley Mill
(Arthur H. Thomas Co., Philadelphia, PA) through a 2-mm sieve. Ground samples were
analyzed for DM (100C), NDF with sodium sulfite and α-amylase and ADF (Van Soest
et al., 1991), ash (AOAC, 1990), soluble fiber (Hall et al., 1998), 7 h starch degradability
(Sveinbjὂrnsson et al., 2007), starch (Hall, 2009), ether extract (AOAC 2006), sugar
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(Dubois et al., 1956), and fatty acids (FA; Jenkins, 2010). Culture samples for VFA
analysis were pipetted (4-ml) into polycarbonate centrifuge tubes containing 1-mL of
25% (w/w) metaphosphoric acid, vortexed, and then centrifuged at 10,000 x g for 20 min
at 4OC. After centrifugation, 1-mL of the supernatant was combined in duplicate with
0.1-mL internal standard (86 µmole 2-ethylbutyric acid/mL) in a GC vial. Another 1 mL
of the supernatant was placed in a 2 mL microcentrifuge tube, frozen, and later analyzed
for ammonia. Samples for VFA were then analyzed by GC-FID according to the methods
of (Yang and Varga, 1989) and injected into a Hewlett-Packard 6890 gas chromatograph
equipped with a custom packed column (2 m x 1/8” x 2.1 mm ss; 10% SP-1200/1%
H3PO4 on 80/100 Chromosorb WAW). Ammonia was analyzed using the methods of
Chaney and Marbach (1962) with modifications. Modifications include a reduction in
solvent and sample volume to accommodate the use of a 96-well plate. Lactic acid was
analyzed from the ammonia subsample as D- and L-Lactate using a commercial assay kit
(BMR Service, University at Buffalo – SUNY, Buffalo, NY).
Long-chain fatty acids in dried ground feed and lyophilized overflow samples were
converted to methyl esters by direct transesterification in sodium methoxide and
methanolic HCl (Jenkins, 2010). An internal standard (2 mg/mL heneicosanoic acid;
Sigma, St. Louis, MO) was added at the start of methylation to quantify fatty acid
masses. Quantities of individual fatty acids present in the cultures were determined on a
Shimadzu GC-2010 gas chromatograph with flame ionization detector and equipped with
a fused silica capillary column (SLB-IL111, Sigma, St. Louis, MO; L x I. D. 100 m x
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0.25 mm) with 0.2 um film thickness. Fatty acid peaks were identified and separated by
comparison of the retention times to known standards.
Statistics
The analysis of the response variables was based on a model that included soluble
fiber and ShD as fixed effects, and fermenter and period as random effects. Statistics
were performed using SAS version 9.4 (SAS Institute, Cary, NC) using the PROC
MIXED procedure for the following model:
Yijklm = µ + Fi + Sj + Pk + Cl + eijkl,
where Yijkl = dependent variable, µ = overall mean, Fi = fixed effect of fiber, Sj =
fixed effect ShD, Pk = fixed effect of period, Cl = random effect of fermenter, and eijkl =
residual error. For observations where multiple measures occurred in a period, the fixed
effect of time and its interaction with other fixed effects were included in the model. The
interaction of F x S was also tested in the model and in the case where it was not
significant, it was removed from the model. Covariance structures including simple,
autoregressive one, and compound symmetry, were used in the analysis depending on
low values received for goodness of fit measures (Akaike’s information criterion and
Schwartz’s Bayesian criterion). Orthogonal polynomials were utilized to determine the
linear (L) and quadratic (Q) effects of soluble fiber level (5, 9, 13, and 16% soluble
fiber). Least squares means are presented in tables, and statistical significance was
declared at P ≤ 0.05 and trends discussed at 0.10 ≥ P ≥ 0.05.
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RESULTS AND DISCUSSION
Soybean oil was added to all the cultures to increase the supply of C18:2 and
resemble a high risk MFD diet with high RUFAL (Table 1). Additionally, beet pulp was
utilized as a source of soluble fiber and added to the diets in increasing amounts in order
to replace a portion of the starch. As an artifact of increased inclusion of beet pulp the
NDF of the treatments increased from LOW to HIGH, as well as the sugar content of the
ration. Starch degradability was lower for the LDS treatments as planned, however, the
ShD decreased in both HDS and LDS as beet pulp was added. This is an effect of the
amount of corn being replaced in the diet and the inclusion of beet pulp did not contribute
to ShD.
Starch Degradability Effect
Starch degradability had no effect on any apparent digestibility coefficients (dC;
Table 2). The reported effects of ShD on dC have been variable. For example, Theurer et
al. (1999) observed a reduction in fiber digestibility when steam flaked corn was included
in the diet, but Lascano et al. (2016) reported a quadratic increase in ADF digestibility as
ShD increased. When high-moisture corn replaced dry rolled or ground corn in the diet
total tract NDF dC were depressed (Knowlton et al., 1998). Reynolds et al. (1997)
suggested that depressed fiber dC with high ShD sources may be due to limited rumen
degraded protein supply rather than increased starch availability and subsequent effects
on pH. However, similar dC between treatments indicate that fermentation of these
nutrients are not compromised by treatments with high ShD. It is most likely that the lack
of differences in dC is primarily due to an overall higher pH across treatments. Yang et
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al. (1997) noted that when pH remained greater than 6.0 for much of the feeding cycle,
fiber dC was not affected, and is consistent with what we observed in the present study.
Total VFA and individual VFA were unaffected by ShD (Table 3). Jenkins et al.
(2003) observed an increase in total VFA, isobutyrate, and isovalerate with barley as
compared to corn in continuous culture. However, Lascano et al. (2016) reported a
decrease in total VFA, isobutyrate, and butyrate as ShD was increased in continuous
culture fermenters. The differential responses of these studies are most likely due to the
starch source, i.e. corn vs. barley, and the level of ShD. Knowlton et al. (1998) observed
that ground dry corn or high moisture corn did not alter ruminal production of propionate,
butyrate, valerate, or pH when starch levels were similar at 34% of the diet DM. Culture
NH3-N differed significantly by ShD. The LDS treatments had higher NH3-N as
compared to HDS (P < 0.01), suggesting a decrease in capture of NH3-N for
incorporation into microbial protein. There have been some reports that increased
processing of corn can increase utilization of NH3-N for microbial protein synthesis
(MPS; Crocker et al., 1998). Moreover, Russell et al. (1985) suggested that the rate of
starch fermentation may influence the rate of ammonia utilization by rumen microbes,
and a decrease in NH3-N coupled with ruminal carbohydrate synchronization improves
MPS. The observed lower NH3-N concentration for the HDS treatment is consistent with
other reports that use starch sources with high ShD (Crocker et al., 1998). However,
differences between ShD and MPS were not the aim of this study and should be
investigated further.
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Culture pH was monitored continuously and recorded every 20 min throughout
the duration of the study. In a previous experiment with a similar high ShD corn an
increase in pH was observed (Lascano et al., 2016), but no differences in culture pH were
seen in the present study. It is common in the literature to see a drop in pH with high
starch diets or sources with high starch degradability (Chibisa et al., 2015). However, the
increased pH seen in the Lascano et al. (2016) study was speculated to be caused by a
number of factors, including protozoa engulfment of starch granules, thereby slowing the
microbial production of short chain fatty acids, or due to alterations in microbial protein
synthesis. The persistence of low rumen pH is commonly associated with the onset of
milk fat depression, as it contributes to a shift in the biohydrogenation pathway to favor
the production of the trans-10, cis-12 CLA isomer (Jenkins and Harvatine, 2014). Lactate
levels were similar among treatments, which corresponds to the lack of difference in pH.
Levels of lactic acid are commonly linked to acidosis, and the rumen contains many
microbes that can utilize or produce lactate. Many rumen microbes depend on pH for
growth and proliferation, and further reductions in pH can cause accumulations of lactate,
which can exacerbate the problem of MFD (Russell and Hino, 1985).
Major fatty acid outflows are detailed in Table 4. Outflows of saturated fatty acids
C12:0, C14:0, C16:0, and C24:0 were all greater for the LDS treatments (P < 0.01). This
is consistent with previous reports where C12:0 and C14:0 were reduced with corn
sources possessing greater rates of ShD (Lascano et al., 2016). However, total outflow of
all saturated fatty acids did not differ with ShD, indicating that while some short or
medium chain FA are reduced, total outflow of saturated FA was unchanged by ShD. The
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outflow of C18:1 tended to be greater for LDS as compared to HDS (P = 0.09), but no
other unsaturated FA were altered by ShD. Gudla et al. (2012) reported increased 18:2
concentrations with high starch diets in continuous cultures, which coincides with
reduced rates of biohydrogenation often reported in high starch scenarios (Latham et al.,
1972; Gerson et al., 1985).
The biohydrogenation rate of C18:3 tended to be greater for HDS (P = 0.08).
However, few studies have investigated the effects of ShD on biohydrogenation. In a
study where dairy cows were fed steam-flaked corn there were no effects on
biohydrogenation, but this study utilized a lower level of starch across treatments
compared to the current experiment (Mathew et al., 2011). However, there have been
reports of high starch diets increasing the accumulation of trans-10 isomers (Ramirez et
al., 2015; Zened et al., 2013). Total outflow of trans C18:1 were not affected by ShD (P
= 0.62), but there was a greater outflow of trans-12 C18:1 for LDS (P < 0.01; Table 5).
This is in agreement with an observed decrease in trans-12 C18:1 for high ShD (Lascano
et al., 2016). The total production of CLA was greater for HDS (P = 0.05), as well as the
production of the milk fat inhibiting isomer, trans-10, cis-12 CLA (P < 0.01). In a report
by Ferraretto et al. (2013) increased ShD in the rumen was associated with reductions in
milk fat. In the present study, an increase in the milk fat inhibiting isomer, trans-10, cis12 CLA, with HDS supports the idea that ShD may be a large contributing factor in the
onset of MFD and should be considered when balancing rations.
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Soluble Fiber Effect
The addition of BP did not alter DM, OM, NDF, or ADF dC (Table 2). Voelker
and Allen (2003b) reported as NDF intake and rate of ruminal NDF digestion increased
with beet pulp replacing high moisture corn there was an increase in the amount of NDF
digested in the rumen. Further, this study also observed that increased NDF from beet
pulp can increase the rate of NDF digestion due to faster turnover rate and dilution of
starch. Reports on the effect of replacing corn with sources high in SF on rumen dC are
variable. Naderi et al. (2016) substituted shredded beet pulp for corn silage in
primiparious and multiparous dairy cows and found no significant difference in
digestibility of DM, OM, NDF, and ADF, even at the highest beet pulp inclusion of 16%.
Soder et al. (2016) reported greater dC of fibrous components for barley compared to
beet pulp, which was speculated to be due to a greater starch concentration in barley. As a
result, more fermentable energy is available to stimulate the growth and proliferation of
cellulolytic bacteria populations. Zhao et al. (2013) exhibited that when dietary starch
was replaced with SF there was an increase in carboxymethylcellulase and xylanase
activities, increased ADF disappearance, but decreased the 16S rDNA copy numbers of
Ruminococcus albus and Ruminococcus flavefaciens. This suggests that nutrient
synchronization plays a key role in the growth of microbes responsible for starch and
fiber utilization.
Total volatile fatty acids were not affected by SF level (Table 3), but acetate
linearly increased as SF level increased (P = 0.02). This is consistent with that reported
by Voelker and Allen (2003), where high moisture corn was replaced with beet pulp.
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Further, an increase in acetate is logical as ruminal acetate is derived primarily from the
fermentation of structural carbohydrates. Pectin fermenting bacteria such as Butyrivibrio
fibrisolvens and Prevotella ruminicola have been observed to yield acetate as the major
end product of fermentation (Soder et al., 2016). Propionate was numerically decreased
as SF level went from LOW to HIGH, and butyrate linearly decreased (P = 0.01). The
response of butyrate observed in the present study is contrary to other investigations,
where butyrate was increased with beet pulp addition (Voelker and Allen, 2003; Boguhn
et al., 2010). However, it has been reported that an increase in butyrate is seen primarily
with starch rather than pectin (Ariza et al., 2001). The A:P was numerically increased
with added BP due to the increase in acetate, and is consistent with addition of sources
high in SF (Hall et al., 1998). Ammonia production was quadratically increased with SF
level (P = 0.03), which may indicate that MPS was reduced due to the accumulation of
NH3-N and potential shortage of C skeletons contributed from starch. However,
microbial protein synthesis was not the aim of this investigation, and was therefore not
measured. Zhao et al. (2013) reported a decrease in ammonia when dietary starch was
replaced with beet pulp, but in the present study ammonia showed an opposite effect.
Culture pH decreased linearly as SF level went from LOW to HIGH (6.32 vs. 6.20; P <
0.01; Figure 1). It is commonly thought that replacing starch with sources high in SF will
result in an increase in pH due to the reduction in rapidly fermentable substrate (Hall et
al., 2010). However, in the present experiment the pH decreased linearly, which might
explain the increase in ammonia production. In addition, Naderi et al. (2016) reported a
decrease in pH with beet pulp addition. A possible explanation could be the increase in
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dietary sugar with the increased inclusion of beet pulp (Table 1). Adding beet pulp in has
the potential to increase the dietary sugar content and due to the rapid fermentation of the
sugars in the rumen may lead to the accumulation of VFA. In addition, in the cow it has
been reported that partial replacement of forage with nonforage fiber sources such as beet
pulp can depress rumen pH due to inadequate physically effective fiber (Harvatine et al.,
2002; Penner et al., 2009). Beet pulp is high in NDF, but due to the small particle size
they have a low physical effectiveness (Naderi et al., 2016). It appears that in the present
study the synchrony of nutrients and rumen fermentation was disrupted with increased
beet pulp inclusion.
Outflows of major saturated and unsaturated FA are shown in Table 4. Fermenter
outflow of C12:0 was quadratically decreased as BP was added (P < 0.01). Outflows of
C20:0 and C22:0 tended to increase with SF (P = 0.10). Outflow of C18:0 remained
unchanged by BP addition, but C24:0 were increased with SF level (P < 0.01). The
outflow of unsaturated fatty acids C18:1, C18:2, and C18:3 were all unchanged with SF.
Biohydrogenation rate of C18:2 and C18:3 were not changed with SF. Total trans 18:1
outflow was linearly decreased as BP was added (P = 0.01; Table 5). Production of trans
10 C18:1 linearly decreased with BP addition (Figure 2; P = 0.01). The reduction in total
trans C18:1 and trans-10 C18:1 outflow with increased SF is one of the key findings of
this study that has practical implications to MFD-scenarios. Increased production of
trans-10 C18:1 is an indicator of a shift in the normal biohydrogenation pathway. The
alternate biohydrogenation pathway is a primary cause of the accumulation of milk fat
inhibiting isomers, such as trans-10, cis-12 CLA (Jenkins and Harvatine, 2014). Gudla et
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al. (2012) reported that continuous culture fermenters fed diets high in soybean oil and
alfalfa hay reported greater rates of biohydrogenation and reduced accumulation of trans10 C18:1 when compared to low-forage diets with soybean oil. Fuentes et al. (2009)
reported a similar finding. Trans-9, trans-11, and trans-12 C18:1 were unchanged by
replacing starch with BP. Outflow of trans-10, cis-12 CLA did not differ as SF level
increased, nor was cis-9, trans-11 CLA altered. An increase in production of trans-10
C18:1 and trans-10, cis-12 CLA have been reported to be indicators for diets with a high
risk to induce MFD (Jenkins and Harvatine, 2014). Low dietary fiber has been attributed
to increasing the ruminal synthesis of trans-10, cis-12 CLA, therefore it is logical to see a
decrease in trans-10 C18:1 in the present study as it is an indicator of the alternate
biohydrogenation pathway (Gudla et al., 2012).
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CONCLUSIONS
Inclusion of beet pulp as a source of soluble fiber to diets with high levels of
unsaturated fatty acids decreased the outflow of trans-10 18:1, as well as decreased the
outflow of total C18:1. Treatments with high ShD resulted in an increased accumulation
of the milk fat inhibiting isomer, trans-10, cis-12 CLA. This suggests that SF in
combination with ShD can alter production of fatty acid isomers linked with milk fat
depression. However, ammonia was increased with SF level, and may inhibit microbial
protein synthesis in vivo.
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Table 1. Diet and nutrient composition of diets with high (HDS) or low (LDS) starch degradability and low (LOW), medium
low (MEDLOW), medium high (MEDHIGH) or high (HIGH) levels of soluble fiber through the addition of beet pulp.
TREATMENT
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Dieta
Alfalfa pellets
Ground hay mixtureb
Corn silage
Ground corn
Processed corn
Corn starch
Soybean meal
Soybean oil
Casein
Beet pulp
Nutrient Composition
DMc
CP, % DMc
NDF, % DMc
ADF, % DMc
Soluble Fiber, %DMd
Sugar, % DMc
Starch, % DMc
Fat, % DMc
7 h Starch Kdc
Ash, % DMc
18:1 (mg/d)
18:2 (mg/d)
18:3 (mg/d)
aAll

LOW
8.15
23.70
8.15
46.34
0
0
9.38
2.65
1.63
0

MEDLOW
8.15
23.70
8.15
31.80
0
0
9.83
2.65
2.04
13.68

90.50
16.90
28.90
14.60
5.30
3.50
38.00
4.33
59.60
3.88
222.50
542.28
75.01

91.60
16.40
31.40
17.70
9.10
4.40
27.30
4.93
64.20
4.72
214.10
528.81
81.60

LDS
MEDHIGH
8.15
23.65
8.15
17.21
0
0
9.79
3.06
2.53
27.40
92.00
17.00
35.50
20.90
12.90
5.80
18.50
4.28
61.60
5.40
209.70
523.22
89.44

HIGH
8.15
23.65
8.15
6.97
0
0
10.19
3.06
2.81
36.90

LOW
8.16
23.67
8.16
0
26.98
3.67
12.00
2.78
2.57
0

MEDLOW
8.16
23.67
8.16
0
26.41
3.67
11.84
2.86
2.65
12.57

92.20
16.80
36.70
23.30
16.60
7.10
12.10
4.91
54.40
6.71
194.40
505.71
94.36

91.90
16.70
28.60
15.40
5.10
3.10
38.50
4.58
82.20
4.71
216.40
532.00
85.93

92.20
16.90
27.80
17.90
8.90
4.00
29.70
4.28
79.90
5.36
209.00
524.11
87.94

diets were ground to 2mm. bHay mixture consisted of a 50:50 mix of Coastal Bermudagrass hay and Ryegrass baleage.
of individual ingredients conducted by Cumberland Valley Analytical Services, Waynesboro, PA. dHall et al. (1999).

cAnalyses

HDS
MEDHIGH
8.16
23.67
8.16
0
15.71
0.40
11.43
2.69
2.82
26.94
92.20
16.60
34.30
20.90
13.10
6.10
18.60
4.89
73.20
7.30
202.51
519.10
94.18

HIGH
8.16
23.67
8.16
0
5.92
0.20
11.43
2.65
2.90
36.90
92.30
16.80
36.70
23.30
16.70
6.30
11.00
4.44
63.40
6.36
197.12
512.00
95.90

Table 2. Digestibility of nutrients in continuous culture fermenters receiving a high (HDS) or low (LDS) starch degradability
(ShD) and low (LOW), medium low (MEDLOW), medium high (MEDHIGH) or high (HIGH) levels of soluble fiber through
the addition of beet pulp.
SOLUBLE FIBER LEVEL
Item
DM
OM
NDF
ADF
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1

ShD
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS

LOW
50.51
52.76
67.07
59.17
55.17
58.87
52.36
56.44

MEDLOW
52.59
51.98
59.42
57.17
60.40
59.29
50.79
58.38

MEDHIGH
48.84
49.48
54.73
53.43
53.35
63.11
57.37
56.63

L = linear effect of fiber, Q = quadratic effect of fiber.

P-VALUE
HIGH
52.19
52.86
57.16
56.62
63.41
65.23
58.04
56.86

SOLUBLE FIBER,
P-VALUE1
L
Q
0.31
0.50

SEM
2.46

STARCH
0.29

2.76

0.61

0.97

0.62

3.37

0.11

0.44

0.56

3.77

0.54

0.46

0.94

Table 3. Volatile fatty acids, pH, methane, and NH3-N production in culture contents of continuous culture fermenters
receiving a high (HDS) or low (LDS) starch degradability (ShD) and low (LOW), medium low (MEDLOW), medium high
(MEDHIGH) or high (HIGH) levels of soluble fiber through the addition of beet pulp.
SOLUBLE FIBER LEVEL
Item
Total, mM

LOW
65.25
64.93

SOLUBLE FIBER,
P-VALUE1
L
Q
0.37
0.57

MEDLOW
66.68
66.32

MEDHIGH
66.24
67.17

HIGH
66.64
69.14

SEM
1.85

STARCH
0.28

LDS
52.46
54.64
HDS
52.44
64.02
Propionate
LDS
27.78
24.95
HDS
26.81
25.40
Butyrate
LDS
14.23
14.74
HDS
15.05
14.90
Valerate
LDS
3.05
3.12
HDS
3.20
3.15
Isobutyrate
LDS
0.62
0.73
HDS
0.63
0.70
Isovalerate
LDS
1.86
1.83
HDS
1.87
1.83
A:P
LDS
1.91
2.21
HDS
2.00
2.15
pH
LDS
6.32
6.24
HDS
6.33
6.23
Total Lactate, mM
LDS
10.31
8.67
HDS
10.22
7.58
Methane, mmol/d
LDS
20.50
21.38
HDS
20.82
19.66
NH3-N, mg/dL
LDS
9.68
11.21
HDS
7.87
8.45
1
L = linear effect of fiber, Q = quadratic effect of fiber.

53.79
54.51
25.62
25.29
15.02
14.72
3.05
3.00
0.64
0.65
1.87
1.83
2.11
2.18
6.34
6.36
4.96
5.33
25.01
25.94
10.28
9.02

56.19
56.20
24.64
24.58
13.66
13.89
3.09
2.94
0.62
0.63
1.79
1.77
2.31
2.32
6.19
6.21
4.23
3.38
29.99
28.91
12.93
8.94

1.16

0.95

0.02

0.17

0.73

0.35

0.89

0.12

0.46

0.43

0.01

0.24

0.16

0.95

0.29

0.99

0.05

0.91

0.02

0.26

0.08

0.59

0.12

0.62

0.11

0.46

0.19

0.18

0.01

0.13

<0.01

0.35

1.52

0.69

0.09

0.10

1.03

0.46

<0.01

<0.01

1.13

<0.01

0.30

0.03

Item, mol/100 mol
Acetate

ShD
LDS
HDS

P-VALUE
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Table 4. Daily outflow of major saturated and unsaturated fatty acids in continuous culture fermenters receiving a high (HDS)
or low (LDS) starch degradability (ShD) and low (LOW), medium low (MEDLOW), medium high (MEDHIGH) or high
(HIGH) levels of soluble fiber through the addition of beet pulp.
SOLUBLE FIBER LEVEL
Item
Saturated, mg/d
C12
C14
C16
C18
C20
C22
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C24
Total
Unsaturated, mg/d
18:1
18:2
18:3
Total

ShD

LOW

MEDLOW

MEDHIGH

P-VALUE
HIGH

LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS

7.57
4.74
20.00
7.30
331.80
320.66
187.13
221.95
26.61
8.52
7.42
7.30
5.97
4.36
586.51
574.84

6.37
4.25
16.77
8.56
338.96
317.83
144.55
175.15
20.17
14.90
8.65
8.22
6.23
5.24
541.70
534.17

5.86
4.46
16.91
11.72
377.26
255.25
211.35
200.26
14.53
18.60
10.76
9.99
8.09
6.64
644.77
606.93

4.39
3.43
13.86
11.14
352.65
348.27
214.15
200.82
10.66
12.40
10.37
10.25
7.37
7.23
613.45
593.56

LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS

414.63
415.17
716.17
854.67
80.13
90.20
1210.93
1360.03

462.41
423.18
809.60
833.24
94.62
98.16
1366.63
1354.58

483.70
462.96
850.82
826.49
106.19
102.12
144.91
1391.57

451.85
439.68
799.42
814.93
104.54
107.77
1355.81
1362.38

Biohydrogenation*, %
18:2
LDS
70.54
66.28
65.65
67.50
HDS
65.76
67.38
65.88
66.65
18:3
LDS
73.41
69.23
68.82
70.97
HDS
69.87
73.27
72.26
74.11
1L = linear effect of fiber, Q = quadratic effect of fiber.
*Expressed as milligrams of input – milligrams of outflow/milligrams of input for 18:2 and for 18:3.

SEM

STARCH

SOLUBLE FIBER,
P-VALUE1
L
Q

0.45

<0.01

0.02

<0.01

1.55

<0.01

0.77

0.20

20.40

0.03

0.36

0.77

42.81

0.61

0.12

0.49

3.29

0.06

0.10

0.26

0.90

0.29

0.10

0.47

0.62

<0.01

0.02

0.63

55.31

0.41

0.16

0.54

25.41

0.09

0.29

0.99

52.71

0.17

0.43

0.96

6.81

0.34

0.48

0.37

82.98

0.55

0.45

0.91

2.13

0.34

0.53

0.99

1.91

0.08

0.25

0.69

Table 5. Daily outflow of major biohydrogenation intermediates in continuous culture fermenters receiving a high (HDS) or
low (LDS) starch degradability (ShD) and low (LOW), medium low (MEDLOW), medium high (MEDHIGH) or high (HIGH)
levels of soluble fiber through the addition of beet pulp.
SOLUBLE FIBER LEVEL
Outflow, mg/d

ShD

LOW

Total trans 18:1

LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS
LDS
HDS

510.37
492.88
5.99
4.53
11.06
9.00
410.12
405.70
39.79
41.81
43.41
31.83
1.15
0.60
10.87
13.25
12.03
13.86

trans 6/8
trans 9
trans 10
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trans 11
trans 12
cis-9, trans-11
trans-10, cis-12
Total CLA

MEDLOW
496.04
475.17
1.99
4.58
5.53
8.31
400.17
373.55
45.84
54.70
42.51
34.03
1.73
2.27
9.40
16.66
11.13
18.93

Ratio
cis-9, trans-11
LDS
0.11
0.17
to trans-10, cisHDS
0.04
0.17
12
trans-10, cis-12
LDS
13.65
8.46
to cis-9, transHDS
32.25
21.76
11
1
L = linear effect of fiber, Q = quadratic effect of fiber.

MEDHIGH

P-VALUE
HIGH

SEM

STARCH

SOLUBLE FIBER,
P-VALUE1
L

Q

466.23
525.34
4.52
5.07
8.05
9.50
337.78
403.00
73.18
68.33
42.69
39.43
8.56
7.37
10.70
16.05
19.26
23.42

399.39
419.16
3.29
4.98
7.02
8.33
292.64
317.80
58.79
51.57
37.63
36.48
3.05
4.11
10.89
12.43
13.94
16.54

45.20

0.62

0.02

0.21

1.07

0.21

0.31

0.06

2.25

0.48

0.53

0.12

39.86

0.39

0.01

0.24

12.74

0.96

0.62

0.65

2.50

<0.01

0.22

0.56

3.50

0.98

0.78

0.40

1.55

<0.01

0.27

0.73

3.41

0.05

0.38

0.32

1.04

0.28

0.37

0.54

0.85

0.46

0.49

0.39

6.09

5.15

5.16

<0.01

0.39

0.20

11.88

9.36

7.1
6.9
6.7

pH

6.5
6.3
6.1
5.9
5.7
5.5
0

1

2

3

4
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Hours Postfeeding
LOW

MEDLOW

MEDHIGH

HIGH

Figure 1. Diurnal pH values in continuous culture fermenters post feeding for the low
(LOW), medium low (MEDLOW), medium high (MEDHIGH) or high (HIGH) soluble
fiber treatments with each point averaged over both starch degradability levels. Pooled
SEM for each value was 0.062. Significant effects were soluble fiber (P < 0.01).
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450
LDS

Trans-10 C18:1, mg/d

HDS
400

350

300

250
LOW

MEDLOW

MEDHIGH
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Figure 2. Daily outflow trans-10 C18:1 in continuous culture fermenters receiving a diet
with high (HDS) or low (LDS) starch degradability (ShD) and low (LOW), medium low
(MEDLOW), medium high (MEDHIGH) or high (HIGH) levels of soluble fiber through
the addition of beet pulp. There was a linear effect of fiber (P = 0.01). The starch x fiber
interaction was not significant (P = 0.28).
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CHAPTER 5: SUGAR AND SOLUBLE FIBER IN COMBINATION WITH
SOYBEAN OIL ALTER FERMENTATION IN CONTINUOUS CULTURE AND
ANIMAL PRODUCTION IN VIVO
ABSTRACT
The current study was designed to investigate the effect of feeding diets with or
without soybean oil and the replacement of a portion of the starch for sources of high
sugar and or high soluble fiber (SF), on animal production and in vitro fermentation. We
hypothesized that the treatments with high sugar or high soluble fiber would improve
animal performance and in vitro accumulation of milk fat-inhibiting isomers when
challenged with soy oil. A live animal experiment was conducted as well as a continuous
culture fermenter experiment using the same diets simultaneously. For the live animal
experiment, eight multiparous Holstein cows were randomly assigned to treatments.
Treatments included soybean oil (High PUFA; HF) or no soybean oil (Low PUFA; LF),
low (LSu; 4% DM) or high sugar (HSu; 9% DM), and low or high soluble fiber (SF; 6 or
12% DM). This created eight unique treatments, 2 PUFA concentrations: LF (2.5% EE)
and HF (5% EE) and to a combination of Su and SF sequence [LSuLSF (4% Su, 6% SF);
LSuHSF (4% Su, 12% SF); HSuLSF (9% Su, 6% SF) and HSuHSF (9% Su, 12% SF) ]
within PUFA concentration administered according to a split-plot, 4 × 4 Latin square
design (21 d periods). The continuous culture fermenters were assigned the treatment in
the same manner as the live animal study. Data was analyzed with the mixed procedure
of SAS using a model for a double 4 x 4 Latin square. There was no effect of sugar on
DMI or milk fat production, but high SF treatments depressed DMI. Continuous culture
pH was affected by sugar inclusion in the diet, and diurnal pH was decreased with high
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SF treatments. There was a tendency for total VFA to be increased with sugar. In
addition, there was a significant reduction in propionate and an increase in butyrate
concentrations with sugar. Total protozoal counts were unaffected by sugar
supplementation. Inclusion of SF exhibited an increase in the proportions of acetate in the
cultures. Individual protozoa genera Diplodinium spp. were reduced and Isotricha spp.
exhibited a tendency to be increased with sugar. The results of the current study imply
that replacing a portion of the starch with sugar or soluble fiber may improve rumen
fermentation profiles and animal production.
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INTRODUCTION
Feeding excess unsaturated fatty acids and starch are major contributors to the onset
of milk fat depression (MFD), and can disrupt rumen fermentation (Jenkins and
Harvatine, 2014). High producing dairy cows can benefit from adding forages to rations.
This can help to correct rumen dysfunction, but it is limited by the amount the animal can
consume and the quality of the forage (Allen, 2000). In order to overcome these
limitations, utilization of feedstuffs high in neutral detergent soluble fiber (NDSF) or
sugar are a practical solution that has the potential to decrease feed costs while
maintaining production (Martel el al., 2011). Some of the concerns with the inclusion of
feedstuffs such as corn, barley, or other sources high in readily degradable carbohydrates
is the small particle size, rapid rate of fermentation, and subsequent effects on rumen pH.
Of which have the potential to alter microbial populations and may lead to the onset of
MFD. Therefore, replacement of these components with alternative ingredients high in
NDSF is a strategy that may minimize the risk of development of diet-induced MFD.
Non-forage fiber sources are high in NDSF, have a relatively low lignin content, and
possess a large proportion of digestible fiber that can supply necessary energy to maintain
lactation performance without the risk of acidosis caused by rapidly fermentable
carbohydrates such as starch (Allen and Grant, 2000). Dilution of starch through the
incorporation of soluble fiber sources may increase ruminal pH and potentially alter
microbial populations that play a role in biohydrogenation (BH).
Another strategy to decrease starch contribution in the diet is the replacement of a
portion of the starch with sugar. High sugar sources, such as molasses, have been shown
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to increase DMI (Firkins et al., 2008), decrease rumen NH3N (Broderick and Radloff,
2004), increase butyrate production (DeFrain et al., 2006), increase milk fat, and enhance
biohydrogenation (Martel et al., 2011). Feeding diets high in fat have been known to
depress fiber digestibility, and the inclusion of molasses may help to improve
digestibility of fibrous fractions (Broderick et al., 2004). Moreover, cellulolytic rumen
populations are reported to be the primary contributors to the BH of FA in the rumen
(Harfoot and Hazlewood, 1997). Penner and Oba (2009) demonstrated that replacing corn
grain with sucrose increased DMI and milk fat yield, and also decreased the trans-10
C18:1 isomer that is commonly associated with MFD. Addition of molasses also aids in
reducing sorting in corn silage diets as well as enhancing palatability that can result in
greater DMI, eNDF intake and subsequent milk production (Firkins, 2010). Furthermore,
Ribiero et al. (2005) observed that sucrose addition to continuous cultures decreased the
proportion of trans-10 C18:1 in the effluent, suggesting that sucrose may play a role in
the pathways of BH and production of BH intermediates.
Thus, we hypothesized that treatments with high levels of soluble fiber and sugar
will result in greater milk fat production in vivo, improve fermentation parameters in
vitro. Our objectives were to evaluate potential interactions in fermentation in continuous
culture fermenters and lactation performance in vivo as sugar and ingredients high in
soluble fiber replaced a portion of the starch.
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MATERIALS AND METHODS
All experimental procedures, including the fistulated cows used to collect rumen
fluid for the continuous culture experiment, were approved by Clemson Institutional
Animal Care and Use Committee. Treatments included soybean oil (High PUFA; HF) or
no soybean oil (Low PUFA; LF), low (LSu; 4% DM) or high sugar (HSu; 9% DM), and
low or high soluble fiber (SF; 6 or 12% DM). This created eight unique treatments, 2
PUFA concentrations: LF (2.5% EE) and HF (5% EE) and to a combination of Su and
SF sequence [LSuLSF (4% Su, 6% SF); LSuHSF (4% Su, 12% SF); HSuLSF (9% Su,
6% SF) and HSuHSF (9% Su, 12% SF) ] within PUFA concentration administered
according to a split-plot, 4 × 4 Latin square design (21 d periods).
Soybean oil was added in order to increase rumen unsaturated fatty acid load
(RUFAL) and induce milk fat depression. Sugar was manipulated by the addition of dried
molasses and citrus pulp to obtain a low (4% diet DM) and high (9% diet DM) sugar
level by substituting for a portion of the starch. Soluble fiber levels were obtained by the
inclusion of citrus pulp, beet pulp, soy hulls, and pectin, as a replacement for a portion of
the starch. The pectin utilized for the study was a commercial grade pectin source that
contained 84% galacturonic acid (Pacific Pectin, Oakhurst, CA).
Live Animal Experiment
Two sets of 4 multiparous Holstein cows (113 ± 17.9 DIM; 668 ± 71.9 kg BW)
were randomly assigned to a combination of Su and SF treatments arranged in a splitplot, 4 x 4 double Latin square design that included LF or HF as the whole plot factor.
The sequences of Su and SF proportions were balanced for carryover with respect to
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previous treatment such that all treatments followed every other treatment once. Prior to
the start of the study, the animals were fed the herd diet (15.8% CP, 35.6% NDF, 23.2%
starch DM basis) and trained to use Calan Gates (American Calan, Northwood, NH)
during a 3 wk acclimation phase. During the acclimation phase milk production was
recorded and milk samples were taken in duplicate on the last day of acclimation for milk
composition analysis. Four periods of 21-d in duration were conducted, with the first 17 d
for diet adaptation, followed by 3 d for iNDF fecal sampling, and milk sampling on the
last day of each period. Diets were mixed once daily using a Calan Data Ranger
(American Calan, Northwood, NH) and delivered as a TMR in two equal portions at 0900
and 1500 h. Animals were fed on an ad libitum basis aimed at 110% of expected daily
intake. Orts were collected and recorded daily at 0700 and the feeding rate adjusted to
maintain orts of about 5 to 10% intake. Dry matter intakes were recorded daily.
Temperature and humidity at the bunk were recorded twice daily at feeding and animals
were monitored for signs of heat stress and overall health and wellness. The animals were
housed in a free stall barn equipped with fans at the bunk line and over the free stalls. The
bunk line was also equipped with a misting system for cooling. Pens were scraped of
manure and hosed down daily just prior to the morning feeding. Water was available at
all times during the trial.
Ingredients, TMR, and orts were collected weekly, dried, ground, and composited
by period. Samples of the TMR (as fed) were collected once weekly for determination of
particle size using the Penn State Particle Separator. Diet ingredients, TMR, and orts
were dried at 60°C for 72 h then ground through a 2 mm screen (Wiley mill, Arthur H.
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Thomas, Philadelphia, PA). After drying samples were analyzed for DM at 105°C, ash
and OM (AOAC, 1980), crude protein (AOAC, 2000), soluble fiber (Hall et al., 1999),
ADF and NDF (Van Soest et al., 1991) using heat-stable amylase and Na2SO3 with an
Ankom Fiber Analyzer (Ankom Technology, Macedon, NY). The TMR composites were
also analyzed for total fat (AOAC, 1997), starch (Bach Knudsen, 1997), and soluble
sugars (Hall et al., 1999).
Cows were milked twice daily at 0630 and 1830 and individual milk production
was recorded at each milking. During day 21 of each period, duplicate milk samples were
collected at two consecutive milkings (AM and PM), stored at 4°C with bronopol as a
preservative, and later analyzed for butterfat, true protein, lactose, SNF, MUN, and
somatic cells by a commercial DHIA lab (United DHIA, Radford, VA).
Energy corrected milk (ECM) yield was calculated as follows:
ECM (kg/d) = [0.327 x milk (kg/d)] + [12.86 x fat (kg/d)] + [7.65 x protein
(kg/d)] (Peterson et al., 2012),
and fat corrected milk (FCM) was calculated as 0.434 x milk yield + 16.216 x
milk fat yield (Davidson et al., 2008).
Continuous Culture Experiment
At the same time of the animal experiment, a continuous culture experiment was
conducted using the same treatment arrangement with 4 periods of 10 d in duration. Each
period included 7 d for adaptation and 3 d following for sample collection. Eight dualflow continuous culture fermenters were utilized for the experiment. Fermenter design
and operation was based on the model of Teather and Sauer (1988) that included several
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modifications. Such modifications included an overflow sidearm that angled downward
at approximately 45° to facilitate emptying and avoid clogs, a faster stirring rate that
allowed stratification of particles into an upper mat, a middle liquid layer of small feed
particles, and a lower layer of dense particles, and a higher feeding rate (55 g/d DM
basis). Whole ruminal contents were collected from a rumen fistulated cow receiving a
50:50 forage to concentrate diet (40.3% NDF, 15.3% CP, 22.1% starch, 4.4% total FA).
Rumen contents were obtained by straining through two layers of cheesecloth into a prewarmed container. The rumen fluid was then transferred to the laboratory and
immediately purged with CO2 until inoculated into the fermenters. The filtered rumen
fluid was combined with buffer in a 1:1 ratio according to the methods of Slyter et al.
(1966). Approximately 800 mL of diluted inoculum was added to each dual-flow
fermenter that has been previously purged (~20 min prior to inoculation) with CO2. The
time the rumen contents were collected to dilution and addition to the fermenters did not
exceed 20 min. Each period was started with a clean fermenter and inoculated with fresh
ruminal contents. Fermenters were randomly assigned to one of the eight diets that was
(45:55 forage:concentrate; Table 1) split into two equal feedings at 0800 and 2000 h.
The buffer solution used to dilute the inoculum was also delivered continuously
using a peristaltic pump to achieve a 0.10/h fractional dilution rate and 0.05/h solid
dilution rate. Each fermenter was continuously purged with CO2 at a rate of 20 mL/min to
maintain anaerobic conditions and gas flow rates were checked before the morning and
evening feeding to ensure consistency. The temperature of the fermenters was held at
39°C by a recirculating water bath.
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Culture pH was monitored every 20 min using installed pH probes (Broadley
James, Irvine, CA). Each continuous probe was calibrated at the start of the period and
validated daily with a handheld probe to ensure accuracy. Culture and overflow DM was
monitored daily by collecting 10 mL of culture or overflow contents, centrifuging for 10
min at 3,000 x g, removing and discarding the supernatant, and then performing DM on
the pellet (AOAC, 1980). This also allowed for correction of the buffer. On d 10 of each
period, a 4-mL sample of culture contents was taken at 0 (just prior to feeding), 2, 4, 6, 8,
10, and 12 h for VFA and ammonia analysis, and 2 mL collected for protozoa analysis.
On d 8, 9, and 10 of each period, overflow from each fermenter was collected in a 2-L
Erlenmeyer flask kept covered in an ice bath. The total volume was recorded, and a 20%
aliquot of the overflow was collected, transferred to a common container for that
fermenter, and immediately frozen. Composited overflow samples were later thawed,
mixed continuously with a stir bar, and a subsample was collected then lyophilized. Extra
overflow was frozen at -20°C. Culture contents were mixed thoroughly (160 rpm) before
samplings.
The diet and dried overflow samples were ground in a centrifugal mill through a 1mm sieve (Wiley mill, Arthur H. Thomas, Philadelphia, PA) and analyzed for DM
(100C), ADF and NDF with sodium sulfite and α-amylase utilized in the procedure (Van
Soest et al., 1991), ash and OM (AOAC, 1980), soluble fiber (Hall et al., 1999), and fatty
acids (Jenkins, 2010). Digestibility of OM, DM, NDF, and ADF were calculated from the
input of each nutrient into the culture, minus the output of nutrient, divided by the input,
multiplied by 100. Culture samples for VFA analysis were pipetted (4-ml) into
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polycarbonate centrifuge tubes containing 1-mL of 25% (w/w) metaphosphoric acid,
vortexed, and then centrifuged at 15,000 x g for 20 min at 4OC. After centrifugation, 1mL of the supernatant was combined in duplicate with 0.1-mL internal standard (86
µmole 2-ethylbutyric acid/mL) in a GC vial. Another 1 mL of the supernatant was placed
in a 2 mL microcentrifuge tube, frozen, and later analyzed for ammonia and D- and Llactate. Samples for VFA were then analyzed by GC-FID according to the methods of
Yang and Varga (1989) and injected into a Hewlett-Packard 6890 gas chromatograph
equipped with a custom packed column (2 m x 1/8” x 2.1 mm ss; 10% SP-1200/1%
H3PO4 on 80/100 Chromosorb WAW). Ammonia was analyzed in triplicate using the
methods of Chaney and Marbach (1962), with modifications including reduced sample
and reagent volume to accommodate the use of a 96-well plate reader. Triplicate samples
having a coefficient of variation greater than 5% were discarded and the sample
reanalyzed. D- and L-lactate (BMR Service, Buffalo, NY) were analyzed in triplicate
using a PEG solution and read on a spectrophotometer. The 2 mL of culture contents for
protozoa analysis were added to a methyl-green formaldehyde solution (1:5 ratio of
sample:methyl-green solution) and stored at 4°C in the dark until analyzed. Protozoa
were enumerated in duplicate using a bright-line Fuchs-Rosenthal counting chamber (0.2
mm depth; Hausser Scientific, Horsham, PA; Ogimoto and Imai, 1981) and then
individual genera identified using the methods of Dehority (1993).
Statistics
The analysis of the response variables was based on a model for a split plot design
with treatments arranged in a replicated 4 x 4 Latin square (Federer, 1954):
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Y = µ + O + P(O) + A(O) + S + F + P + (S x F) + (O x F) + (O x S) + (O x S x F) +
e,
where Y was the variable of interest, µ was the overall mean, O was the fixed effect
of PUFA concentration, P(O) was the fixed effect period nested in PUFA concentration,
A(O) was the random effect of animal or fermenter nested in PUFA concentration, S was
the fixed effect Su, F was the fixed effect of SF, P was the fixed effect of previous
treatment, S x F was the interaction of Su and SF, O x F was the interaction of PUFA and
SF, O x S was the interaction of PUFA and Su, O x S x F was the three-way interaction of
PUFA, Su, and SF, and e was the random residual error. For observations where multiple
measures occurred in a period, the fixed effect of time and its interaction with other fixed
effects were included in the model. The ARH(1) or AR(1) covariance structures were
utilized based on model fit. Denominator degrees of freedom were adjusted using the
method of Kenward and Roger (1997). All statistics were done using PROC MIXED
procedure of SAS version 9.4 (SAS Institute Inc., Cary, NC). The interaction of sugar
and soluble was identified in the results and tables when significant; otherwise, it was
dropped from the model. Significance and tendencies were declared at P < 0.05 and P <
0.10, respectively.
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RESULTS AND DISCUSSION

The experimental treatments were designed to induce MFD in the block of cows
receiving soybean oil and to observe if replacing a portion of the starch with either HSu
ingredients or HSF ingredients would alter animal performance or fermentation
parameters in continuous culture (Table 1). The HSu diets contained approximately 9%
total sugar and were manipulated through citrus pulp, beet pulp, and dried molasses
inclusion. Sugar levels were selected at 4 and 9% of the diet DM to obtain a great enough
separation in treatments and to resemble a basal level of sugar in modern rations (4%) or
a higher inclusion reported in some investigations (9% DM; Penner and Oba, 2009;
Martel et al., 2011). The HSF diets provided approximately 12% SF and was achieved
through the manipulation of soy hulls, citrus pulp, beet pulp, and pectin. Evaluation of the
SF levels was done according to the methods of Hall et al. (1999) and the targeted levels
were achieved. Addition of pectin was necessary to obtain the HSF levels needed for this
investigation without altering NDF, ADF, or sugar levels from the inherent fiber and
sugar compositions of some ingredients high in pectin.
In addition, one of the main objectives of the experiment was to apply the
treatments to a scenario that would be at most risk for developing milk fat depression.
Diets utilizing corn silage as the main source of forage has been associated with increased
incidence of developing milk fat depression (Grant et al., 1990). Corn silage has a finer
particle size than other forages, and a decrease in particle size with a coordinate increase
in rapidly fermentable carbohydrate may reduce rumen pH, impair fiber digestibility, and
depress milk fat production (Onetti et al., 2003). However, particle size (Table 2) differed
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between PUFA level, SF, and sugar, with a lower particle size for the high PUFA diet.
High Su treatments had a smaller particle size, which may be due to the low Su, HF diets.
High soluble fiber resulted in a higher particle size as well, but may not have any
biological relevance due to the difference being less than 1 mm and all diets had corn
silage as the sole forage source.
Live Animal Experiment – Fat Effect
There were no differences in DMI between treatments for fat concentration (Table
2). However, there was greater milk yield for the animals consuming high PUFA diet (P
= 0.01). Milk yield has been reported to stay steady even when cows are experiencing a
bout of milk fat depression (Bauman and Griinari, 2003). Without the effect of increased
DMI as an explanation of the tendency for an increase in milk yield, the small differences
in NEL of the diets or nutrient partitioning could provide a better explanation. It is
possible that the low PUFA-fed cows had a lower tissue energy mobilization, as this can
be a characteristic of low milk production (Komaragiri et al., 1998). In addition, feed
efficiency was lower for the high PUFA diets when compared to the animals fed the low
PUFA diets, which is a reflection of the lower ECM in the equation (P = 0.01). As
planned, milk fat and yield were significantly reduced with the higher PUFA
concentration (Figure 1; P < 0.01), and as a result ECM and FCM were reduced. This is
logical in that milk fat is a factor in the calculation of both ECM and FCM, and is likely
the driving factor in the reduced values for the high PUFA diets. Milk fat yield and
composition was reduced with high PUFA-fed cows and MFD was reached in the
animals receiving these diets. Other milk components such as protein, lactose, and SNF
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were unaffected by PUFA level. However, there was a significantly lower MUN with the
cows receiving the high PUFA diets (P < 0.01). Some investigations have reported lower
MUN for diets with high levels of PUFA (He et al., 2012). However, MUN values are
indicative of N balance in the animal, and can be influenced by factors such as diet,
dehydration, and mixing of the diet (Aguilar et al., 2012).
Live Animal Experiment – Sugar Effect
There was no effect of sugar on DMI, milk fat, milk protein, milk SNF, or MUN
(Table 2). Broderick et al. (2008) observed a linear increase in DMI with increased sugar
inclusion, and Broderick and Radloff (2004) saw a similar effect with the use of both liquid
and dried molasses to replace high moisture corn. This effect may be due in part due to
improved palatability with sugar inclusion, but in the current study DMI was not altered
with sugar. Kellogg (1969) and Martel et al. (2011) have reported similar results with DMI
and milk fat yield. Kellogg (1969) is one of the few studies that evaluated sucrose and
MFD, and reported that addition of 5, 10, or 15% sucrose did not alleviate MFD. However,
Martel et al. (2011) noted that if only the 5% treatment were considered it appears that milk
fat yield was increased by 10%. Martel et al. (2011) reported no change in milk yield in
trial 2 with molasses supplementation, but also saw a tendency for a decrease in milk yield
in trial 1. The decline in milk yield was suggested to be due to a decreased supply of
metabolizable protein supply. The HSu treatments had significantly lower feed efficiency
compared to the LSu treatments. In addition, the particle size of the HSu treatments was
smaller than the LSu treatments. This is likely due to the increased incorporation of dried
molasses, which consists of finer particles that may predominate throughout the TMR in
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the HSu diets. Milk fat composition was unaltered by Su addition, but ECM and FCM were
lower for the HSu treatments.
Live Animal Experiment – Soluble Fiber Effect
Dry matter intake was lower for the HSF treatments (P < 0.01; Table 2). Lower
DMI with diets high in SF have been reported previously (Broderick et al., 2002).
Furthermore, Solomon et al. (2000) reported that DMI was greater in cows fed diets
consisting of 1/3 citrus pulp and 2/3 concentrate compared to when citrus pulp made up
2/3 of the diet. Particle size was greater for the HSF-fed cows (P = 0.02), which is likely
due to the greater incorporation of larger particle feedstuffs like citrus pulp and reduced
ground corn inclusion. Despite lower DMI and larger particle size of the diet, milk
production or composition was unaffected by SF. Leiva et al. (2000) suggest that diets high
in SF may improve animal production due to their ruminal fermentation patterns, and found
that cows receiving citrus pulp in experiment 2 yielded +0.18% greater milk fat. Solomon
et al. (2000) showed that milk yield was unaffected by the inclusion of citrus pulp, but had
similar dietary NEL levels to the present study. However, it appears that SF does not alter
milk fat composition or yield in the present study. Voelker and Allen (2003) replaced a
portion of the corn with beet pulp and observed a linear increase in milk fat. The milk
composition of protein, SNF, lactose, and MUN were unaltered by SF. Boerman et al.
(2015) reported a greater lactose yield in the treatment with high starch, as compared to
high fiber treatments. Reductions in milk lactose suggest there is a shortage of glucose
precursors for lactose synthesis.
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Live Animal Experiment – Interactions
Several interactions were observed for PUFA level, SF, and Su. An O x SF
interaction for DMI was observed (P = 0.01; Table 2), and is likely due to the overall
greater DMI with the HF-fed cows. In addition, there was a decrease in DMI with the
HSF-fed cows, as well as an increase overall with the high PUFA diets. There was an
interaction for soluble fiber and sugar for milk yield (P < 0.01; Table 2). The response of
Su showed a decrease in milk yield with HSu, but there was also a decrease in milk yield
with HSF. Sutton et al. (1987) reported that ingredients such as citrus pulp, beet pulp, and
wheat feed are less effective than high-starch concentrates for supporting milk yield and
lactose production, and may provide explanation for what was observed in the present
study.
Continuous Culture Experiment – PUFA Effect
Effects of PUFA concentration on digestibility coefficients (dC) in continuous
culture are outlined in Table 3. High PUFA concentration in the diet depressed DM, OM,
NDF, and ADF dC (P < 0.01). Lower dC of some nutrients for diets containing added oil
is not an unusual finding, in that feeding excess FA has been reported to depress fiber
digestibility (Rico et al., 2014). Moreover, dietary PUFA have been shown to reduce
ruminal fiber digestion by limiting the growth of fiber digesting bacteria (Van Soest,
1994).
Dietary PUFA concentration had no effect on VFA production, A:P, pH, lactate, or
NH3-N (Table 4). The high PUFA treatments resulted in an increase in Epidinium spp. (P
= 0.02; Table 6). However, no other protozoa genera or total protozoal counts were
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affected by PUFA concentration. Mathew et al. (2011) reported an increase in total
protozoal counts in diets containing fat and monensin, but in the literature effects of fat
on protozoa are variable. Protozoa can be inhibited by fat but can also potentially alter
BH by increasing the rate of lipolysis of dietary triglycerides or by incorporation of FA
and FA intermediates into their cell membranes (Firkins et al., 2007; Karnati et al., 2009).
Oldick and Firkins (2000) observed that total rumen protozoa decreased with
supplemental fat, but Karnati et al. (2009) reported greater total protozoa with high fat
diets. Although total protozoal counts were unaffected by PUFA concentration, the
genera Epidinium spp. were increased with the high PUFA treatments. The reason for this
is unclear, but there could be effects on BH and production of BH intermediates. Maia et
al. (2007) reported an inhibition of BH by feeding unsaturated FA and related this effect
to populations of Butyrivibrio fibrisolvens. In addition, Williams and Coleman (1992)
noted that a protozoal predation preference exists towards Butyrivibrio fibrisolvens,
which has major implications to the current study.
Continuous Culture Experiment - Sugar Effect
Overall Su had no effect on dC in continuous cultures (Table 3). Broderick and
Radloff (2004) reported that fiber digestibility was increased when high moisture corn
was replaced with molasses, and it was thought to be due to a stimulatory effect of
molasses on cellulolytic bacteria. There was a tendency for total VFA to be increased
with sugar (P = 0.09; Table 4). There was a significant reduction in propionate (P = 0.02)
and an increase in butyrate concentrations (P = 0.03). Reductions in propionate have been
reported where sugar partially replaced dietary starch (Heldt et al., 1999; DeFrain et al.,
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2004). The increase in butyrate agrees with other reports where sugar was fed, and is a
common finding in in vitro literature (Heldt et al., 1999; Ribeiro et al., 2005). However,
this response hasn’t been as consistently reported for in vivo models (Broderick et al.,
2008; Penner and Oba, 2009). The discrepancy between in vivo and in vitro
measurements of butyrate is that butyrate is metabolized rapidly by rumen epithelia, and
in vitro absorption cannot be measured. Piwonka and Firkins (1996) suggested that high
butyrate concentrations could be due to changes in fermentation pathways to
accommodate a high flux of hydrogen due to the rapidly fermentable sugar. Another
explanation could be due an increase in synthesis from lactate by Megasphaera elsdenii
(Klieve et al., 2003). There was a tendency for a greater concentration of total lactate in
the high sugar diets, which could provide additional substrate for microbial synthesis of
butyrate (P = 0.06). Despite the greater lactate levels culture pH was increased with HSu.
Reports of sugar enhancing pH are variable. For example, reports where starch was
replaced with sucrose or lactose did not alter pH (McCormick et al., 2001; DeFrain et al.
2004; Broderick et al., 2008). However, some studies have observed an increase in pH
(Heldt et al., 1999; Penner and Oba, 2009). Explanations for why pH may increase
despite the rapid fermentation of sugars include microbial conversion of sugar to
glycogen and faster rates of passage that reduce fermentable OM for VFA production
(Allen, 1997; Hall and Weimer, 2007).
Total protozoal counts were unaffected by Su supplementation (Table 6). However,
Diplodinium spp. was reduced and Isotricha spp. exhibited a tendency (P = 0.07) to be

214

increased with sugar. These genera represent a small portion of the rumen protozoal pool,
and fluctuations in these populations are unlikely to affect total protozoal numbers.
Continuous Culture Experiment - Soluble Fiber Effect
The inclusion of SF exhibited an increase in the proportions of acetate in the
cultures (P < 0.01). This is consistent with that reported by Voelker and Allen (2003),
where high moisture corn was replaced with beet pulp. Observed increases in acetate are
logical as ruminal acetate is derived primarily from the fermentation of structural
carbohydrates. As a result of the increased acetate with high SF, there was also a
tendency (P = 0.09) for greater A:P. Leiva et al. (2000) reported that fermentation of SF
yields more acetate and less lactate than starchy carbohydrates, so the increased acetate in
the present study is logical. Pectin fermenting bacterial such as Butyrivibrio fibrisolvens
and Prevotella ruminicola have been observed to yield acetate as the major end product
of fermentation (Soder et al., 2016). In addition, propionate was significantly reduced
with high SF treatments (P < 0.01). There was a tendency for valerate to be greater with
high SF (P = 0.06), and isobutyrate was increased (P = 0.02). These VFA are derived
from the fermentation of AA (Van Soest, 1994). This response is contrary to that reported
by Mansfield et al. (1994), who observed a reduction in branched chain VFA in
fermenters fed beet pulp compared to fermenters fed corn. The reduction of branched
chain VFA suggests that rumen degradable protein may be reduced with feeding sources
high in SF. However, results from the present study suggest that rumen degradable
protein may be adequate or enhanced, thereby affecting the amount of valerate and
isobutyrate.
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Culture pH was unchanged regardless of SF treatment (Table 4), however, there
was a significantly greater amount of time below pH 6 and pH 5.8 with high SF (P =
0.04). It is commonly thought that replacing starch with sources high in SF will result in
an increase in pH due to the reduction in rapidly fermentable substrate (Hall et al., 2010).
Solomon et al. (2000) reported that pH did not change with high pectin diets. Figure 2
shows the diurnal pH of the high and low soluble fiber diets and it was observed that the
low SF treatments had an overall greater pH throughout the day. In addition, lactate
tended to be lower for high SF treatments (P = 0.06).
High SF treatments increased total protozoal counts and populations of the
individual genera Entodinium spp. and Ophryoscolex spp (P < 0.01; Table 6). High
soluble fiber tended to increase the proportion of Isotricha spp. (P = 0.07). Soluble
sugars are the primary substrate for rumen holotrich protozoa and some can utilize pectin
as well, therefore, some increases in certain genera are not surprising (Van Soest, 1994).
However, comparable protozoal populations in continuous culture are typically difficult
to maintain especially at higher solid dilution rates (Hoover et al., 1976).
Continuous Culture Experiment – Interactions
There was significant interaction between Su and SF for pH (P = 0.02). The
HSuLSF treatments had a greater pH than the LSuHSF, so it appears that when Su was
increased there was an increase in pH, but this was confounded by a differential decrease
in pH for HSF treatments. There was also a significant interaction for time below pH 5.8
for Su and SF. This response is likely driven by the increase in the HSuHSF treatment for
time below pH 5.8.
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CONCLUSIONS
Addition of SF and Su to diets of lactating cows resulted in different production
responses and FA profiles of the milk fat. Addition of sources rich in SF depressed DMI,
but did not alter milk composition. Sugar incorporation did not alter the composition of
milk, but did decrease milk yield. In continuous culture, SF and Su altered the outflow of
BH intermediates. The high SF diets had a greater concentration of acetate and decreased
propionate. Soluble fiber had a lower diurnal pH, and Su altered pH in continuous
culture. The effects of SF and Su in the live animal as well as responses in vitro suggest
that they may play a role in the maintenance of favorable conditions in the rumen as well
as production.
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Table 1. Diet and nutrient composition of diets with high or low PUFA, low (LSu) or high sugar
(HSu), and low (Low SF) or high soluble fiber (High SF) fed to continuous culture fermenters
and lactating dairy cows.
PUFA Level
Ingredients, % DM
Corn silage
Ground corn
Soyplus
Citrus pulp
Beet Pulp
Soy Hulls
Soybean Oil
Soybean Meal
Dried Molasses
Pectin
Mineral/vitamin mix1

LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH

LSu
Low SF
44.88
44.88
23.50
23.87
6.32
6.32
2.65
1.63
2.65
2.45
5.34
2.28
0.00
2.86
13.26
14.08
0.00
0.00
0.00
0.00
1.63
1.63

Chemical composition
DM

TREATMENT
HSu
HSu
Low SF
High SF
44.88
44.88
17.46
17.95
5.92
7.14
0.82
1.84
0.82
1.22
6.53
0.82
0.00
3.06
13.87
13.91
7.87
7.55
0.00
0.00
1.63
1.63

44.88
44.88
8.16
8.20
6.53
7.55
7.34
5.30
7.34
4.08
2.04
0.57
0.00
3.26
13.87
14.08
5.71
6.57
1.67
3.88
1.63
1.63

LSu
High SF
44.88
44.88
18.20
18.44
6.53
7.51
5.71
3.26
5.71
1.63
2.37
0.00
0.00
3.02
14.04
14.10
0.00
0.00
4.90
5.60
1.63
1.63

LOW
54.85
55.42
54.47
54.79
HIGH
55.70
55.49
54.96
53.85
CP
LOW
17.09
16.66
17.05
16.56
HIGH
16.86
16.59
16.51
16.77
NDF
LOW
35.20
33.37
34.13
34.67
HIGH
35.07
34.70
34.16
35.27
ADF
LOW
21.15
22.85
23.57
22.86
HIGH
24.95
22.07
23.34
20.81
Soluble Fiber
LOW
5.56
6.30
12.04
11.89
HIGH
5.99
6.18
11.86
12.27
Sugar
LOW
5.10
8.22
8.95
3.97
HIGH
4.14
8.44
9.63
4.24
Starch
LOW
28.73
24.57
18.41
24.08
HIGH
27.91
24.65
17.38
24.22
EE
LOW
2.78
2.63
2.42
2.69
HIGH
4.18
4.48
4.41
4.88
NEL,2 (mcal/kg)
LOW
1.73
1.72
1.70
1.74
HIGH
1.88
1.85
1.86
1.86
C18:1t
LOW
0.36
0.38
0.35
0.34
HIGH
0.34
0.31
0.32
0.31
C18:1c
LOW
122.35
111.19
99.52
112.53
HIGH
262.66
265.17
260.56
264.36
C18:2
LOW
312.61
291.30
261.30
291.97
HIGH
644.09
654.04
642.80
648.18
C18:3
LOW
38.70
38.67
38.81
38.02
HIGH
50.71
93.42
97.09
92.37
1
Mineral/vitamin mix composition (DM basis): 0.5% CP, 27.2% NDF, 2% ADF, 20.83% Ca, 2.98% P, 5.33% Mg, 4.49% K, 2.22% S,
7.45% Na, 11.39% Cl, 4386 ppm Fe, 3044 ppm Mn, 3245 ppm Zn, and 825 ppm Cu.
2
NEL = estimated NRC (2001).
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Table 2. Particle size, dry matter intake (DMI), feed efficiency, and milk production, of cows fed diets with high or low
PUFA, low (LSu) or high sugar (HSu), and low (Low SF) or high soluble fiber (High SF).
Treatment
LSu
Item
DMI, kg/d
Milk, kg/d
Particle Size2 (mm)
> 19 mm, % retained2
19 to 8 mm, % retained2
8 to 1.18 mm, % retained2
< 1.18 mm, % retained2
Feed Efficiency3
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ECM4, kg/d
5

3.5% FCM , kg/d
Milk Fat, kg/d
Milk Fat, %
Milk Protein, kg/d
Milk Protein, %
Milk Lactose, %
Milk SNF, %
MUN, %
11

PUFA Level
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH

Low SF
24.45
27.51
36.37
44.17
6.12
5.61
4.28
2.92
46.62
46.26
38.58
38.56
13.02
11.18
2.55
1.25
46.20
33.00
47.31
31.03
1.72
0.76
3.77
1.94
1.35
1.30
3.09
3.01
5.06
4.88
8.90
8.86
8.42
3.87

High SF
24.81
26.64
34.02
40.71
6.47
5.81
3.72
3.33
52.00
47.34
32.99
36.63
11.72
11.54
1.96
1.41
53.36
38.34
53.71
37.70
2.03
0.98
4.02
2.07
1.65
1.33
3.36
2.65
4.74
4.92
9.12
8.66
8.62
3.78

HSu
Low SF
High SF
25.49
24.85
28.01
26.05
35.38
35.25
41.57
40.92
5.58
5.83
5.29
5.68
3.18
3.21
2.92
2.57
46.09
49.62
43.53
46.92
38.07
34.36
42.55
36.94
10.82
11.70
10.09
12.29
1.49
1.71
1.09
1.01
39.78
38.13
27.44
28.23
40.47
39.20
25.50
25.06
1.53
1.47
0.54
0.57
3.99
3.84
1.61
1.83
1.19
1.09
1.12
1.28
3.23
3.02
2.88
3.42
4.94
4.84
4.70
4.97
9.17
9.04
8.76
9.18
12.31
13.16
4.46
3.83

P - Value
SF
<0.01

Interaction1
O x SF (P = 0.01)

<0.01

0.74

S x SF (P < 0.01)

0.01

0.01

0.02

0.32

0.04

0.01

0.66

1.02

0.01

0.04

<0.01

0.97

0.01

0.07

<0.01

O x S x SF (P = 0.05)

0.38

0.09

0.02

0.05

S x SF (P < 0.01)

0.22

<0.01

0.01

0.65

7.05

0.02

0.07

0.55

7.06

<0.01

0.06

0.56

0.28

<0.01

0.10

0.54

0.50

<0.01

0.71

0.75

0.27

0.74

0.22

0.60

0.34

0.45

0.67

0.81

0.10

0.69

0.58

0.70

0.25

0.27

0.38

0.66

2.36

<0.01

0.19

0.96

SEM
1.00

PUFA
0.17

SUGAR
0.20

2.27

0.01

0.18

Interactions for S x SF (sugar x soluble fiber), O x SF (fat x soluble fiber), O x S (fat x sugar), O x S x SF (fat x sugar x soluble fiber).
Particle size evaluation of the TMR using the Penn State Particle Separator.
3
FE = ECM / DMI
4
ECM = [(12.95 x kg milk fat) + (7.20 x kg milk protein) + (0.327 x kg milk)],53.5% FCM = [(0.4324 x kg milk) + (16.216 x kg milk fat)
2

O x SF (P = 0.02)

Table 3. Digestibility of diets with high or low PUFA, low (LSu) or high sugar (HSu), and low (Low SF) or high soluble fiber
(High SF) fed to continuous culture fermenters.
Treatment
LSu
Digestibility,
%
OM
DM
NDF

ADF
1

PUFA Level
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW

Low SF
60.19
55.90
57.94
53.98
72.17
62.52
71.41

HSu

P - Value

High SF

Low SF

High SF

61.59
51.80
58.40
50.95
73.92
66.87
72.75

60.30
49.74
55.66
50.05
76.84
62.07
75.83

58.72
51.80
59.44
50.91
75.80
60.11
75.32

SEM

PUFA

SUGAR

SF

2.47

<0.01

0.22

0.76

1.76

0.01

0.18

0.58

2.83

<0.01

0.94

0.71

3.08

<0.01

0.60

0.62

Interaction1

S x SF (P = 0.07)

HIGH
62.71
62.63
63.91
58.97
Interactions for S x SF (sugar x soluble fiber), O x SF (fat x soluble fiber), O x S (fat x sugar), O x S x SF (fat x sugar x soluble fiber).

Table 4. Volatile fatty acids, pH, lactate, and NH3-N of continuous culture fermenters fed diets with high or low PUFA, low
(LSu) or high sugar (HSu), and low (Low SF) or high soluble fiber (High SF).
Item
Total VFA, mM
Item, mol/100mol
Acetate

PUFA LEVEL
LOW
HIGH

Treatment
LSu
HSu
Low SF High SF Low SF High SF
71.41
71.80
72.45
74.06
70.88
71.96
72.85
73.13

SEM
1.83

PUFA
0.88

SUGAR
0.09

P - Value
SF
0.44

Interaction1
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LOW
62.10
62.88
63.76
64.87 0.81
0.79
0.18 <0.01
HIGH
62.14
62.87
63.88
65.82
Propionate
LOW
27.79
26.11
26.63
24.93 0.68
0.90
0.02 <0.01
HIGH
27.80
26.11
26.71
25.09
Butyrate
LOW
14.74
13.97
15.47
14.70 0.48
0.83
0.03
0.32
HIGH
14.76
14.05
15.46
14.79
Valerate
LOW
3.39
3.57
3.59
3.89 0.19
0.90
0.17
0.06
HIGH
3.55
3.78
3.68
3.55
Isobutyrate
LOW
0.71
0.74
0.73
0.87 0.05
0.39
0.30
0.02
HIGH
0.71
0.74
0.67
0.76
Isovalerate
LOW
2.24
2.20
2.23
2.22 0.13
0.17
0.76
0.65
HIGH
1.99
2.00
1.99
1.97
A:P
LOW
2.31
2.42
2.31
2.42 0.09
0.99
0.09
0.09
HIGH
2.50
2.62
2.50
2.61
pH
LOW
5.93
6.24
6.20
5.99 0.13
0.30
0.01
0.62
S x SF (P = 0.02)
HIGH
5.84
5.79
6.29
6.07
Time below pH 6, h
LOW
10.67
9.39
4.72
6.58 2.48
0.25
0.14
0.04
HIGH
5.98
6.19
6.04
6.07
Time below pH 5.8, h LOW
6.33
3.36
1.14
2.24 1.63
0.61
0.15
0.04
S x SF (P = 0.05)
HIGH
7.06
10.22
4.25
12.61
Total Lactate, mM
LOW
7.94
6.52
10.00
8.06 1.93
0.76
0.06
0.06
HIGH
8.76
5.11
11.74
8.63
NH3-N, mg/dL
LOW
7.99
8.79
7.91
8.27 0.65
0.69
0.37
0.29
HIGH
8.50
8.88
7.96
8.36
1
Interactions for S x SF (sugar x soluble fiber), O x SF (fat x soluble fiber), O x S (fat x sugar), O x S x SF (fat x sugar x soluble fiber).

Table 5. Protozoal populations in continuous culture fermenters fed diets with high or low PUFA, low (LSu) or high sugar
(HSu), and low (Low SF) or high soluble fiber (High SF).
Treatment

Protozoa, 103/mL
Entodinium spp.
Epidinium spp.
Ophryoscolex spp.
Diplodinium spp.
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Isotricha spp.
Dasytricha spp.
Total Protozoa
1

PUFA
LEVEL
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH
LOW
HIGH

LSu

HSu

Low SF High SF
38.01
45.54
36.72
40.06
0.80
0.68
0.96
1.01
0.56
0.68
0.66
0.86
1.29
1.87
1.75
1.43
0.64
0.58
0.76
0.86
1.17
1.02
1.29
1.37
24.34
30.57
31.44
31.47

Low SF High SF
36.98
43.09
40.23
41.52
0.84
0.60
1.24
1.02
0.56
0.90
0.62
1.04
1.27
1.37
1.27
1.57
0.64
0.84
0.66
0.90
1.32
1.23
1.06
1.22
29.99
29.22
21.06
30.72

P - Value
SEM
2.30

PUFA SUGAR
0.58
0.78

SF
Interaction1
<0.01

0.16

0.02

0.68

0.29

0.14

0.35

0.28

<0.01

0.17

0.72

0.05

0.14

0.12

0.69

0.07

0.07

1.84

0.99

0.68

0.98

1.79

0.32

0.67

<0.01

Interactions for S x SF (sugar x soluble fiber), O x SF (fat x soluble fiber), O x S (fat x sugar), O x S x SF (fat x sugar x soluble fiber).

1.9

Milk Fat Yield, kg

1.7
1.5
1.3
1.1
0.9
0.7
0.5
Low Fat

High Fat

PUFA Level

Figure 1. Milk fat yield of cows fed diets with (High PUFA) or without soybean oil
(Low PUFA). Significant effects include fat level (P < 0.01).
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6.4
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High SF

6.3
6.2

pH

6.1
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5.9
5.8
5.7
5.6
0

1
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10

11

Hours Postfeeding

Figure 2. Diurnal pH in continuous culture fermenters fed low (Low SF) or high (High
SF) soluble fiber.
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LSuLSF

4.2

LSuHSF
3.7

Milk Fat, %

HSuLSF
HSuHSF

3.2
2.7
2.2
1.7
1.2
LOW

HIGH

PUFA Level

Figure 3. Milk fat composition of cows fed diets with (High PUFA) or without soybean
oil (Low PUFA). LSuLSF = low sugar, low soluble fiber. LSuHSF = low sugar, high
soluble fiber, HSuLSF = high sugar, low soluble fiber, HSuHSF = high sugar, high
soluble fiber.
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CHAPTER 6: CONCLUSIONS AND IMPLICATIONS
The works comprising this dissertation represent major implications for producers
and researchers concerned with milk fat depression. The ruminant animal is complicated
in that the rumen microbial population dictates a lot of how certain feedstuffs will be
metabolized. Unsaturated fatty acids can be an important energy source, and sometimes
various feed ingredients may have naturally occurring high levels that could impact milk
fat production. However, it is apparent that many nutrient interactions within the rumen
influence how these unsaturated fatty acids are biohydrogenated. Factors such as
carbohydrate synchronization and microbial protein synthesis, impact on certain
microbial populations, and the rumen pH can alter the biohydrogenation of fatty acids
and their influence post-rumen.
Starch degradability plays an integral role in rumen carbohydrate metabolism and
recovery from milk fat depression due to the rate in which starch is fermented can
influence microbial populations, rumen pH, and production of milk fat inhibiting isomers.
The study outlined in Chapter 2 exhibited that animals recovering from classical dietinduced milk fat depression using diets of varying degradability have differential effects.
For example, the milk fat yield in cows receiving the high degradable starch recovery
treatment lagged behind the low degradable starch recovery treatments. From a producer
standpoint, a farmer that has a group of cows suffering from milk fat depression will be
most successful in intervention provided that the starch degradability of the recovery
ration is evaluated. If a high degradable starch ration is fed during recovery it is apparent
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that a producer may not see milk fat return to normal for several more days as compared
to a low degradable starch ration.
There has been considerable interest in using sugar sources for amelioration of
milk fat depression in recent years. However, it is apparent from the results observed in
Chapter 3 that not all sugars are the same in how they ferment, especially when in
combination with high starch degradability diets. An observed increase in pH illustrates
that sugars may be favorable for rumen fermentation, and there were also changes in milk
fat inhibiting isomers. This would suggest that lactose and sucrose could be utilized in
dairy rations provided that the unsaturated fatty acid load in the ration is minimal.
Modifying other carbohydrate fractions, such as the soluble fiber fraction, is
another potential approach to improving conditions within the rumen associated with
diet-induced milk fat depression. There is limited information about how starch
degradability and soluble fiber interact when fed to continuous cultures with a basal fat
level. Furthermore, there is a sustainability factor involved in the utilization of feedstuffs
high in soluble fiber due to many of these ingredients being by-products such as beet
pulp, citrus pulp, apple pomace, etc. The study outlined in Chapter 4 was aimed at the
utilization of soluble fiber in continuous cultures with milk fat depressing conditions. The
findings in this experiment suggest that replacing starch with soluble fiber can modify pH
and influence the outflow of fatty acids, particularly trans-10 C18:1, presenting a
possible positive effect in situations with a high risk for milk fat depression. Thus, the
utilization of high soluble fiber feedstuffs in the amelioration of milk fat depression is a
possible approach that is not only economical but also practical.
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The relationships between soluble carbohydrates and rumen biohydrogenation are
evident based on the previous chapters. The last study outlined in Chapter 5 aimed to
combine the results of the previous studies and test in the production animal. Milk fat was
reduced with all high fat treatments but neither sugar nor soluble fiber improved milk fat
production. However, DMI was reduced with the low fat diets. Sugar and soluble fiber
also influenced changes in rumen VFA. The results of this study imply that when a
portion of the starch is replaced with sugar or soluble fiber, that production may be
altered by a reduction in DMI, but also there are impacts on milk fat production and milk
yield. For a producer it is important to consider the sugar and soluble fiber level in the
rations, especially when the basal fat level is relatively high.
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